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FOREWORD 


This  report  summarizes  the  work  performed  by  the  General  Electric  Company 
under  Contract  No.  DAAA21-73-C-0474  for  the  Ammunition  Directorate  at 
Picatinny  Arsenal,  Dover,  New  Jersey.  The  period  of  the  contract  was  from 
April  1973  through  December  1973. 

The  scope  of  this  contract  effort  involved  ihe  design,  fabrication  and 
test  of  a  high  energy  Setback  Generator  and  its  associated  energy  storage 
module,  developed  for  use  as  a  power  source  for  artillery  ammunition  fuzes. 

The  generator  hardware  demonstrated  at  the  conclusion  of  this  program 
has  been  shown  to  meet  all  design  requirements  Imposed  by  the  contract. 

In  addition,  significant  growth  capability  has  been  identified  in  the 
design  to  allow  for  its  miniaturization  in  any  subsequent  programs  which 
could  utilize  such  a  device. 

Twenty  (20)  generators  and  energy  storage  modules  in  two  design 
configurations  were  delivered  to  Picatinny  Arsenal  at  the  conclusion  of 
this  program.  These  units  will  undergo  laboratory  and  flight  testing  at 
the  Picatinny  facr.lity  to  further  identify  the  features  and  capability  of 
the  design. 

The  General  Electric  Company  gratefully  acknowledges  uhe  efforts  of 
Mr.  Peter  j.  Weldon  of  Picatinny  Arsenal  who,  in  addition  to  serving  as 
Program  Contract  Officer,  also  provided  valuable  technical  advice  and 
consultation  throughout  the  program.  We  wish  also  to  acknowledge  the 
efforts  of  Mr.  Henry  .Hagedorn,  Jr.  of  Picatinny  Arsenal  for  his  participa¬ 
tion  as  test  coordinator  on  this  program.  Finally,  we  acknowledge  a 
contribution  of  services  provided  by  Picatinny  Arsenal  in  rail  gun  testing 
of  prototype  hardware  at  a  contractor  facility. 

This  technical  report  contains  neither  classified  nor  company  proprie¬ 
tary  Information. 
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ABSTRACT 


This  technical  report  summarizes  the  design,  development  and  test  of 
a  setback  generator  and  its  associated  energy  storage  module.  The  generator, 
measuring  1.5  inches  in  diameter  and  1.2  inches  in  height,  has  produced  over 
one  million  ergs  of  energy  in  laboratory  tests.  This  energy  is  stored  on  a 
capacitor  bank  (energy  storage  module)  to  serve  as  a  power  source  for  an 
artillery  fuze.  The  contract  specifies  a  minimum  energy  requirement  of 
675,000  ergs. 

The  setback  generator  developed  on  this  program  provides  a  unique  feature 
in  that  it  extracts  energy  from  a  magnetic  field  through  a  reverse  saturation 
cycle.  An  important  resuli  f  this  feature  is  that  the  low  magnetic  forces 
between  the  core  and  its  housing  allowed  the  core  assembly  to  release  at  very 
low  acceleration  input  levels.  This  makes  a  generator  of  this  design  par¬ 
ticularly  attractive  for  use  in  rocket  and  mortar  fuze  applications. 

Laboratory  and  field  tests  have  demonstrated  that  the  generator  of  this 
general  design  can  produce  nearly  400,000  ergs  in  a  30g  setback  environment. 

Test  units  which  were  fabricated  were  evaluated  under  both  laboratory 
and  gun  launch  environments.  The  results  of  these  tests  confirmed  the  output 
predicted  from  analytical  studies  to  be  consistent  with  those  results  demon¬ 
strated  in  the  laboratory,  but  greater  than  those  demonstrated  in  ballistic 
firings.  The  inconsistency  is  expected  to  be  resolved  following  ballistic 
tests  on  the  20  deliverable  units  under  this  contract. 
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INTRODUCTION 


The  major  goal  of  this  program  was  to  design,  develop  and  evaluate 
a  setback  generator  and  an  energy  storage  module  capable  of  producing 
enough  energy  to  operate  an  electronic  time  fuze  for  200  seconds.  Such 
a  fuze  would  require  a  minimum  of  675,000  ergs  of  energy  stored  at  a 
maximum  potential  of  15  volts. 

The  generator  designed  for  this  application  contained  a  unique  mag¬ 
netic  circuit  which  maximized  conversion  of  the  mechanical  energy  into 
the  device.  The  energy  generated  was  then  stored  upon  capacitors  which 
were  selected  for  their  insensitivity  to  the  gun  launch  environment  of 
an  artillery  fuze. 

This  final  report  summarizes  the  concept,  design,  analysis  and 
evaluation  of  generators  and  storage  modules  developed  to  satisfy  the 
requirements  of  this  contract.  Although  an  extensive  amount  of  labora¬ 
tory  testing  was  conducted  during  the  design  phase  of  this  effort,  only 
three  sample  units  were  tested  thus  limiting  the  ballistics  test  data. 
The  results  of  the  ballistics  tests,  it  was  found,  did  net  correlate 
well  with  the  results  obtained  in  the  laboratory,  nor  those  predicted 
through  analysis.  Additional  ballistic  testing  will  be  necessary  to 
correctly  ascertain  the  reason  for  this  discrepancy. 
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SECTION  I 


PROGRAM  OBJECTIVES 

The  principal  objective  of  this  program  was  to  design  and  demonstrate 
a  setback  generator  suitable  for  use  as  a  power  source  for  a  200-second 
electronic  time  fuze.  More  specifically,  the  generator  was  to  exhibit  the 
following  physical  and  functional  characteristics: 

Functional 


1.  Provide  at  least  675,000  ergs  of  energy  into  capacitors 

at  15  volts  (600  microfarads  at  15  volts).  The  capacitors 
are  considered  to  be  part  of  the  generator. 

2.  Have  a  voltage  rise  time  of  less  than  5  milliseconds. 

Physical 

1.  The  setback  generator  shall  operate  over  a  temperature 
range  of  -AO'F  to  +145®F. 

2.  It  shall  operate  satisfactorily  over  a  range  of  setback 
forces  from  3,000  to  30,000  g's. 

3.  It  shall  operate  satisfactorily  over  a  range  of  spin 
velocities  of  2,000  to  35,000  rpm. 

4.  The  dimensions  are  not  to  exceed  1%  Inches  in  diameter 
and  Ik  Inches  in  length,  not  including  capacitors.  The 
dimensions  of  the  volume  required  for  the  capacitors  are 
not  to  exceed  3/4  inch  by  IH  inch  by  1  inch. 
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Guidance 


1.  Consider  the  use  of  a  latching  mechanism  and  shorting 
switch  to  prevent  inadvertent  movement  of  the  generator 
core  and/or  generator  output  in  storage  and  transit. 

At  the  conclusion  of  this  program,  20  setback  generators  and  their 
associated  energy  storage  modules  were  to  be  delivered  to  Picatinny  Arsenal 
for  test  and  evaluation.  - 
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SECTION  II 


TECHNICAL  APPROACH 


A.  GENERATOR  CONCEPT  DEVELOPMENT 


Previous  setback  generators  have  been  configured  as  shovm  in  the  sketch 


below. 


ALNiCO  5  MAGNET 


END  PLATE 


CORE 

MOTION 

AT 

SETBACK 


END  PLATE 

The  energy  available  from  this  configuration  is  limited  by  the  large 
volume  occupied  by  the  magnet  (which,  in  turn,  limits  the  coil  volume)  and 
by  the  fact  that  the  flux  change  seen  by  the  coil  during  setback  cannot 
exceed  the  initial  core  flux.  In  order  to  circumvent  these  limitations 
a  unique  two  magnet  design  was  conceived  as  sketched  below. 


SmCog  MAGNET 


MOTION 

AT 

SETBACK 


ITimmY 


In  this  design,  two  small  disk-shaped,  high-enercgy  magnets  are 
attached  to  the  moving  element.  Magnet  polarities  are  opposing.  In  the 
armed  posicion  shown,  the  right-hand  magnet  produces  core  flux  of  one 
polarity  while  the  left  hand  magnet  is  air-circuited  and  expends  most  of 
its  pmf  producing  leakage  flux  outside  of  the  unit.  At  setback,  the  core 
moves  to  the  opposite  position  in  which  the  left-hand  magnet  produces  flux 
of  reverse  polarity  through  the  core  while  the  right-hand  magnet  becomes 
air-circuited.  The  use  of  two  oppositely-polarized  magnets  doubles  the 
flux  change  seen  by  the  cpil  which,  in  turn,  doubles  the  volt  second  inte¬ 
gral.  Additionally,  the  outside  cylinder  can  have  a  much  thinner  cross- 
section  than  the  magnet  used  in  that  position  in  the  previous  generator 
design.  This  allows  more  space  for  increased  core  size  and  coil  impedance 
optimization,  resulting  in  further  increase  in  output  energy. 

Because  this  design  requires  that  the  magnets  operate  between  air- 
circuit  and  essentially  closed-circuit  conditions,  it  is  necessary  to  use 
a  material  which,  in  addition  to  having  a  high  value  of  residual  induction, 
does  not  lose  its  flux-producing  capability  when  exposed  to  air  knockdown. 

Samarium  cobalt  (SmCo^),  a  rare  earth  magnet  material,  has  exceptional 
capabilities  in  this  regard.  This  material  has  unique  B/H  properties  as 
can  be  seen  by  referring  tc  Figure  1.  The  solid  line  represents  the 
properties  oi"  SmCo^.  A  d^^ihed  line  representing  tht  B/H  curve  for  ALNICO 
9,  the  highest  energy  conventional  material  available,  has  been  added  for  com¬ 
parison  purposes.  Also  shotm  are  approximate  closed-circuit  and  air-circuir 
load  lines. 

Vfhen  an  air-e2n>osed  magnet  is  closed-circuitsd,  it  operates  on  a  minor 
loop  which  is  nearly  parallel  to  the  upper  portion  of  the  major  B/H  curve. 

As  can  be  scan,  tho  SmCc^  maj^net  retiams  to  essentially  its  original 
point  of  tha  B/K  curve  «ftct  air  kji&ckdown  whereas  the  flux  output  from 
tite  AimcO  9  Kss  been  reduced  nearly  70  percent. 

While  SiaCo^  is  c  relatively  new  ;caterial,  its  outstanding  character¬ 
istics  make  it  ideal  for  this  setback  generator  design  approach-  It  is 


now  av  iable  from  three  major  suppliers.  For  these  reasons  it  has  been 
selected  for  use  in  this  application. 

B .  PRELIMINARY  EFFORT 

Prior  to  contract  award,  sufficient  work  had  been  done  to  demonstrate 
the  feasibility  of  the  two-magnet  concept.  A  prototype  unit  was  built  using 
available  conventional  magnet  material.  Tests  on  this  unit  confirmed  the 
basic  theory. 

In  addition,  a  detailed  analysis  was  performed  by  Dr.  Erick  Manteuffal 
(General  Electric  Aerospace  Control  Department  consultant) .  This  analysis 
provided  confidence  that  a  675,000  erg  (15  volts  into  600  ufd)  unit  in  a 
package  less  than  1.5  inch  diameter  by  1  inch  was  feasible. 

C.  CONTRACT  REQUIREMENTS 

The  contract  work  statement  called  for  a  minimum  energy  requirement 
of  675,000  ergs  (15  volts  on  600  microfarads).  A  maximum  size  was  also 
specified.  One  approach  would  have  been  to  design  for  675,000  ergs  irini- 
mizing  size  and  weight.  Since  this  would  have  required  a  knowledge  of 
design  parameters  not  available  at  the  outset  of  the  program,  the  only 
feasible  course  was  to  maximize  the  energy  output  from  a  maximum  size  unit. 
This  would  assure  that  contract  requirements  would  be  met  while,  in  a 
parallel  effort,  an  analytical  model  o^  the  generator  was  being  developed 
and  verified.  An  adequate  model  would  then  permit  varied  design  require¬ 
ments  to  be  met  in  a  single  design  iteration. 
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GENERATOR  DESIGN 

A.  DRAWINGS 

Figure  2  is  a  photograph  of  the  final  design  configuration  of  the 
setback  generators  delivered  under  this  contract.  Detail  drawings  covering 
this  configuration  are  reproduced  in  Appendix  C.  It  is  suggested  that 
the  reader  refer  to  these  drawings  during  the  discussions  on  design 
details  which  follow. 

B.  MAGNET  DESIGN 

The  magnet  design  has  only  two  mechanical  parameters;  thickness  and 
diameter.  The  thickness  of  the  magnet  disk  has  a  basic  limitat'on;  i.e., 
it  cannot  exceed  half  the  distance  allowed  for  setback  motion.  However, 
a  further  practical  limitation  exists,  in  that,  in  order  to  assure  that 
the  motion  of  the  magnet  assembly  is  smooth  and  uninterrupted,  it  is 
desirable  for  the  magnet  thickness  to  be  slightly  less  than  the  thickness 
of  the  generator  end  plates.  In  early  prototypes  an  end  plate  thickness 
of  0.100  inch  resulted  in  the  selecting  of  a  magnet  thickness  of  0.080 
inch.  Because  the  magnetic  circuit  (at  start  and  finish  of  setback)  has 
no  definable  air  gap,  this  thickness  is  adequate.  When  end  plate  thick¬ 
ness  was  later  increased  to  avoid  saturation,  the  original  magnet  thick¬ 
ness  was  retained. 

Selection  of  magnet  diameter  poses  a  problem  of  optimization. 

Since  core  flux  increases  with  the  square  of  the  magnet  diameter,  maximum 
diameter  is  desirable.  However,  increased  diameter  reduces  winding 
space  and  requires  either  fewer  turns  or  finer,  higher  resistance  wire. 

As  will  be  shown  later,  winding  resistance  can  be,  at  least  in  certain 
configurations,  one  of  the  major  factors  in  limiting  output.  Since 


Figure  2.  Final  Design  Configuration  of  Setback  Generator 
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mathematical  relationships  relating  coil  parameters  with  output  were  not 
available  during  the  design  stage,  selection  of  magnet  diameter  was 
somewhat  arbitrary.  A  diameter  of  0.75  inch  was  finally  selected. 


With  these  dimensions  maximum  flux  densities  in  the  various  parts  of  the 
magnetic  circuit  are  as  follows  (leakages  neglected) : 


Magnet  (and  Core) 
Air  Gap  (Ring  I.D.) 
Cup  (Return  Path) 


Area  (cm  ) 


B (gauss) 


B (gauss) 


2.86  6000  8000 

1.90  9050  12050 

1.82  9450  12550 


The  6000  guass  magnet  flux  density  is  closest  to  what  can  be  expected 
from  production  magnet  material  as  will  be  demonstrated  later.  With  this 
condition  all  parts  of  the  magnetic  circuit  are  well  below  the  saturation 
limit  of  low  carboi  steel  (approximately  15,000  gauss). 


The  average  air  gap  between  core  and  end  ring  I.D.  is  .0015  inches.  How¬ 
ever,  since  the  attractive  force  between  the  core  and  end  ring  forces  the  core 
to  solid  contact  (i.e.,  zero  air  gap)  against  one  side,  the  average  air  gap 
has  considerably  less  effect  then  might  be  expected.  This  was  verified  by 
tests  on  a  unit  with  an  «nd  ring  I.D.  enlarged  to  give  about  .0065  average  gap 
Resulting  flux  reduction  was  only  10%. 

A.ttachment  of  the  magnets  and  end  pieces  to  the  core  developed  into  a 
major  problem  and  severely  limited  the  amount  of  test  data  obtainable  from 
laboratory  drop  tests.  Two  types  of  failures  occurred.  One  type  was  a 
clean  separation  of  the  magnet  from  either  the  core  or  the  end  cap.  In 
the  second  type  of  failure  the  magnet  fractured  or  separated  internally 
with  portions  of  the  magnet  adhering  to  both  mating  surfaces.  Failure 
invariably  occurred  in  the  upper  magnet  within  the  core  assembly. 

Various  adhesives  were  tried  without  complete  success.  While  this 
failure  mode  may  be  a  greater  problem  during  repeated  lab  tests  than  in 
one-shot  firings,  better  attachment  techniques  of  the  magnet  may  be 
required.  Sample  magnet  assemblies  with  one  magnet  held  in  place  with  a 
screw  through  its  center  have  been  built  but  not  evaluated  extensively 
during  the  course  of  this  program. 
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C.  FRAME  AND  COIL  ASSEMBLY 


The  present  frame  design  consists  of  a  single-piece  cup  and  an  end 
ring  which  is  held  in  place  by  rolling  over  the  edge  of  the  cup.  In  pro¬ 
duction  it  is  expected  that  this  assembly  would  utilize  two  end  rings 
permitting  the  main  shell  to  be  made  from  draxm  tubing. 

The  coil  is  wound  on  a  fiber  glass  coil  form.  Using  a  fixture  designed 
for  that  purpose,  it  is  centered  inside  the  frame  and  held  in  place  by  an 
epoxy  potting  compound.  Such  centering  and  potting  may  not  be  necessary  in 
a  production  design  but  was  included  in  these  prototype  units  because  of 
uncertainty  as  to  the  deformation  effect  of  high  acceleration  on  the  coil. 

D.  COIL  TURNS 

Because  of  the  time  required  to  develop  a  realistic  mathematical 
model  of  the  setback  generator  in  the  firing  environment,  selection  of  the 
number  of  coil  turns  was  based  upon  extrapolated  drop  test  results.  Further 
guidance  was  expected  from  rail  gun  tests  on  54  and  210  turn  preliminary 
design  units.  Although  results  from  these  tests  were  not  conclusive  (as 
will  be  discussed  later) ,  low  output  from  the  54  turn  units  resulted  in 
a  decision  to  increase  the  number  of  turns  to  132.  Ten  of  the  units 
supplied  at  the  conclusion  of  this  contract  had  this  number  and  ten  had 
210  turns.  It  is  anticipated  that  firing  tests  on  these  units  will 
provide  clearer  evidence  of  the  optimum  coil  configuration. 

E.  SAFING  DESIGN 

The  safing  method  originally  proposed  was  a  shear  plate  spot-welded 
to  the  lower  end  of  the  frame.  However,  after  further  consideration, 
this  approach  was  rejected  in  favor  of  a  simple  shear  pin  between  the 
core  and  frame.  The  advantage  of  the  shear  pin  lies  in  its  flexibility, 
particularly  in  these  prototype  units.  The  shear  pin  need  not  be  added 
until  actual  firing,  allowing  preliminary  tests  to  be  readily  conducted. 
Moreover  the  shear  pin  release  point  is  considerably  more  predictable 
and  repeatable. 
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Since  the  work  statement  requires  generator  function  with  an  acceleration 
as  low  as  3000  g’s,  shear  action  must  always  occur  at  a  lesser  value  to 
assure  operation.  Although  handling  shock  environment  is  not  defined, 
it  was  assumed  that  these  inputs  would  be  less  than  1000  g's.  Several 
sample  shear  pins  of  0.0465  inch  diameter  drill  rod  were  made  and  tested 
statically.  Breaking  force  varied  from  175  to  200  pounds.  With  a  2.8 
ounce  core  weight,  these  results  are  equivalent  to  an  average  release 
acceleration  of  1085  g's. 

Although  somewhat  greater  release  acceleration  would  be  desirable, 
a  larger  diameter  shear  pin  was  not  practical  due  to  limited  end  plate 
thickness.  Some  consideration  was  given  to  using  two  shear  pins. 

However,  because  of  hole  alignment  problems,  it  was  felt  that  two  pins 
would,  at  least  in  some  cases,  release  in  series  rather  than  in  parallel, 
producing  no  net  gain. 

F.  GENERATOR  COST  DATA 

In  generating  a  cost  estimate  for  the  setback  generator,  several 
assumptions  with  respect  to  future  design  changes  were  made.  These  were 
as  follows: 

1.  The  present  single-piece  cup  would  be  replaced  by  a  section  of 
tubing  and  rolled-on  end  rings. 

2.  Flat  head  screws  would  be  required  on  both  ends  of  the  core 
assembly  to  provide  better  magnet  retention  during  setback. 

Small  clearance  holes  would  be  cast  into  magnet  disks. 

3.  Magnetization  would  be  accomplished  after  assembly  and  grind 
operations  were  completed. 

4.  Potting  of  che  coil  Inside  cup  would  be  eliminated. 

With  these  assumptions  a  preliminary  estimate  of  setback  generator 
cost  has  been  completed.  A  breakdown  of  the  resulting  cost  is  given  in 
Table  1.  These  figures  are  based  on  a  production  rate  of  100,000  units 
per  year.  Equipment  cost  associated  with  this  estimate  is  approximately 
$75,000,  primarily  for  automatic  winding  machines  and  a  screw  machine  for 
automatic  production  of  the  core  cylinder. 
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Most  of  the  material  cost  is  in  the  magnets  for  which  the  best  price 
quoted  to  date  is  $1.97  each.  Since  samarium  cobalt  manufacturing  techno¬ 
logy  is  still  being  developed,  there  is  potential  for  significant  cost 
reduction  in  this  area.  Additional  and  significant  cost  savings  could 
result  if  mischmetal  cobalt  magnets  were  substituted  for  the  higher 
priced  samarium  cobalt  magnets  in  the  generator  design.  The  reason  is 
the  lower  cost  of  the  mischmetal.  Whereas  samarium  (a  rare-earth  metal) 
is  presently  selling  for  about  $60/lb.,  mischmetal  is  only  about  $6/lb. 
This  cost  reduction,  it  should  be  pointed  out  however,  can  only  be 
realized  at  the  expense  of  a  magnet  energy  loss  of  up  to  1/3  that  of  the 
samarium  cobalt  magnets. 

This  cost  estimate  has  not  been  predicated  on  the  use  of  specially- 
designed,  highly-automatic  equipment.  Providing  proper  funding  were 
available,  such  equipment  could  result  in  further  price  reduction. 


TABLE  I 

SET  BACK  GENERATOR  COST  DATA^* 


Material 


Magnets  (2)  $1.97  each  $3.94 

Wire  .07 

Metal  Parts  .26 

Coil  Form  .11 

Total  $4.38 

Labor  Man  Minutes 

Machining  5 . 0  Min . 

Assembly  7.4  Min. 

Test  0.9  Min. 

Total  13.3  Min. 


Notes; 

1.  Estimate  based  upon  a  100,000  unit  buy. 

2.  Purchased  price  less  adders. 
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SECTION  IV 


TEST  AND  EVALUATION 


A.  FLUX  MEASUREMENTS 

Flux  measurements  were  made  on  a  number  of  different  generators 
including  magnets  from  three  separate  sources.  The  generator  volt 
second  output,  when  the  magnet  assembly  was  pushed  through,  v/as  measured 
using  a  Magnemetrics  Model  MF-1  Fluxmeter.  The  instrument  scale  is 
calibrated  so  that  maxwell-turns  can  be  read  directly.  The  gauss  level 
produced  in  the  coil  by  each  magnet  can  then  be  calculated  since  coil 
turns  and  magnet  area  are  known.  Results  of  these,,  are  shown  in  Table  2. 

The  values  obtained  (see  Table  2)  show  a  wide  range  in  magnet 
strength  depending  upon  source  and  lot.  The  GE  (Schenectady)  first  lot 
magnets  demonstrate  what  can  be  produced  under  laboratory  conditions. 

These  magnets  have  a  residual  induction  (B^)  in  excess  of  9500  gauss 
which  may  not  be  obtainable  in  production  quantities.  The  Raytheon  and 
Spectra-Flux  magnets  must  be  considered  more  typical  of  the  present 
state-of-the-art  of  cost-effective  samarium  cobalt  material. 

In  the  laboratory  test  data  to  be  presented  in  the  following  sections, 
results  have  been  ratioed  to  a  common  gauss  level  of  5300  in  order  that 
variations  due  to  other  parameter  changes  can  be  seen  more  clearly. 


TABLE  2 


FLUX  OUTPUT 


VENDOR 

COIL 

NO. 

MAGNET 

NO. 

GAUSS 

GE 

BIA 

BIA 

6960 

(Schenectady) 

CIA 

BU 

6970 

First  Lot 

B2A 

B2A 

6560 

CIA 

B2A 

6860 

CIA 

CIA 

6970 

C2B 

CU 

6680 

Average  GE  First  Lot  ■ 

6830 

GE 

CIA 

A 

5920 

(Schenectady) 

CU 

B 

5960 

Second  Lot 

CIA 

C 

5970 

Average  GE 

Second  Lot  « 

5950 

Raytheon 

P3 

P6 

5400 

P4 

P7 

5250 

P5 

P8 

5550 

Average  Raytheon  ■ 

5400 

Spectra-Flux 

P6 

P9 

5600 

P7 

PIO 

5500 

P13 

Pll 

5400 

P14 

P12 

5500 

P15 

P13 

5600 

P17 

P15 

5350 

P18 

P16 

5300 

Average  Spectra-Flux  ■ 

5460 
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B.  LABORATORY  TEST  SETUP 

It  was  recognized  early  in  the  program  that  proper  evaluation  of  the 
design  samples  would  require  something  more  scientific  than  a  hammer  blow 
to  cause  function  of  the  generators.  Initial  effort  was  directed  toward 
duplication  of  a  scaled-down  version  of  a  typical  artillery  shell  acceler¬ 
ation  profile.  It  was  soon  realized,  however,  that  while  standard  shock 
machines  could  be  set  up  for  ramp  deceleration,  this  test  equipment  would 
be  awkward  to  utilize  if  many  and  varied  tests  were  to  be  performed. 

An  alternative  setup  was  devised  using  a  pipe-guided  drop  weight  (see 
Figure  3) .  The  unit  to  be  tested  is  inserted  into  a  support  fixture 
with  the  magnet  assembly  as  shown-  A  drive  plug  was  placed  on  top  of  the 
generator  coil  assembly  to  better  distribute  the  force  of  the  drop  v/eight. 
The  generator  frame  and  coil  move  during  this  test  rather  than  the  magnet 
assembly.  This  approach  minimizes  the  possibility  of  damage  to  the  magnets 
by  avoiding  a  direct  blow  to  the  core  from  the  drop  weight. 

With  this  setup  the  core  moves  through  the  coil  at  constant  velocity. 
This  velocity  and  the  corresponding  core  travel  time  can  ’  Iculated  as 
follows: 

Let  m  =  mass  of  drop  weight  (0.8  lbs) 

V.  =  velocity  of  drop  weight  at  instant  of  impact 

=  velocity  of  drop  weight  immediately  after  impact 
M  =  combined  mass  of  drive  plug  and  generator  housing 
(0.79  +  0.33  =  1.12  lbs) 

V  =  velocity  of  combined  mass  after  impact 


Then  mv  =  mv^  +  MV  (Conservation  of  Momemtum) 
1  f 


and  H  =  h  mv^  +  h  MV'^  (Conservation  of  Energy) 
(Lossless  collision  assumed) 


V-  =  V. - 

f  1  m 


Substituting 

2  ,  MV. 2  , •  2 

mv .  =  m  (v . - )  +  MV' 

1  1  m 

2  2  .  m\^  .  ^2 

mv .  =  mv .  -  2MV'  v  .  + - +  MV 

11  1  m 


which  simplifies  to 


&+  1) 
m 


but  since  v^  =  /2gh 

where  h  is  the  drop  height 

and  g  is  the  acceleration  of  gravity 


then  V  = 


2 


(^+  1) 


Substituting  known  values 


2  /2  X  32.2  X  h 


=  6.6b  t'h  feet/second 


Let  T  =  Core  transit  time 
c 


then  -  i2  X  6.66 


milliseconds 
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To  verify  this  analysis,  oscilloscope  photographs  were  taken  of  open- 

circuit  generator  output  for  three  different  drop  heights  (see  Figure  A). 

Calculated  transit  time  compares  very  favorably  with  transit  time  measured 

from  these  photographs  (Transit  time  was  taken  as  twicv;  the  time  betv;aen 

start  and  peak) >  Results  (T  in  milliseconds)  are  tabulated  below. 

c 


Calculated 

T 

C 

Measured 

T 

c 

5 

feet 

1.12 

1.2 

1.23 

feet 

2.24 

2.4 

4 

Inches 

4.33 

4.4 

The  measured  values  are  probably  best  to  use  since  consideration  of 
energy  loss  during  impact  would  result  In  longer  transit  time.  These 
values  were  used  in  later  analyses. 


5’  Drop 
10  V/Div 
0.5msec/Dn^ 
and 

0 . 2msec/Div 


Figure  4.  Open-Circuit  Generator  Output  for  Three 
Different  Drop  Heights  (sheet  1  of  2) 
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C.  LABORATORY  TEST  RESULTS 

Although  the  drop  test  setup  provides  a  constant  velocity  (rather 
than  accelerating)  core  motion,  the  transit  time  with  a  5-foot  drop  is  only 
about  2:1  greater  than  that  expected  during  actual  firing.  (This  condition 
is  illustrated  in  section  V,  D  of  this  report.)  This  test  technique  should, 
therefore,  be  a  source  of  much  useful  data  in  comparing  the  performance  of 
various  generator  configurations.  Unfortunately,  however,  data  gathering 
was  frequently  interrupted  by  separation  of  a  magnet  from  the  core  assembly. 
Although  in  some  cases  the  assembly  could  be  repaired  by  recementing,  this 
often  resulted  in  lower  flux  density,  thereby  making  test  results  less  com¬ 
parable. 

Except  for  a  special  test  discussed  later.  Table  3  summarizes  the 
data  obtained  in  the  drop  test  setup.  Nou  indicated  in  the  table  is  the 
fact  that  most  data  points  are  actually  the  average  value  of  from  two  to 
five  repeated  tests. 

In  interpreting  this  data,  plots  of  DC  volts  versus  capacitance  on 
log-log  paper  were  found  convenient.  For  comparison  purposes  all  output 
voltages  have  been  ratioed  to  a  common  flux  density  of  5300  gauss  before 
plotting.  Figures  5a  and  5b  are  plots  of  three  different  coil  turns 
taken  at  1.25-feet  and  5-feet  drop  heights,  respectively.  These  two  heights 
are  equivalent  to  a  2:1  difference  in  core  transit  time;  i.e.,  from  2.4 
millisecond  to  1.2  millisecond. 

Despite  the  limited  data  points  available,  these  plots  show  the  basic 
difference  between  low  turn  and  high  turn  units.  The  output  of  the  54  turn 
unit  (which  has  low  source  impedance  relative  to  the  capacitive  loads  used) 
remains  roughly  constant  as  capacitance  is  increased.  In  effect,  the  capa¬ 
citor  load  is  charging  up  to  nearly  peak  generated  voltage.  Since  halving 
the  transit  time  nearly  doubles  the  generator  output  (increased  losses  pre¬ 
vent  full  doubling) ,  a  substantial  increase  in  generator  output  occurs  at 
the  higher  drop  height. 
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On  the  other  hand,  the  210  and  880  turn  units,  though  having  higher 
generated  voltages,  also  have  substantially  higher  Internal  Impedance. 

This  Impedance  limits  the  current  into  the  capacitor  load  and  results  in 
a  reduction  in  voltage  as  capacitdiice  is  increased.  In  other  words,  the 
higher  turn  units  (for  the  transit  times  shown)  act  like  current  sources 
while  the  lower  turn  unit  is  more  like  a  voltage  source. 

Also  worthy  of  note  is  the  slight  reduction  in  output  voltage  of  the 
higher  turn  units  as  core  transit  time  is  decreased.  If  the  transit  time 
is  reducea  further,  the  output  of  the  54  turn  unit  should  continue  to  in¬ 
crease  while  output  from  higher  turn  units  decreases.  Thus,  for  very 
short  transit  times,  higher  output  V70uld  be  obtained  from  the  lower  turn 
unit  (at  least  with  loads  above  600  microfarads) . 

Figure  6  demonstrates  the  need  for  maintaining  adequate  winding 
space  to  keep  winding  resistance  down.  This  data,  taken  on  the  laboratory 
drop  test  setup  at  a  5-foot  drop  height,  shows  that,  for  this  particular 
coil  configuration,  doubling  the  winding  resistance  will  reduce  output 
voltage  over  15  percent. 
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Figure  6.  Output  Voltage  versus  Added  Resistance 


TABLE  3 


UBORATORY 

DROP  TEST 

DATA 

TEST 

COIL 

MAGNET 

1.25-FT. 

5-FT. 

DATE 

NO. 

TURNS 

NO. 

GAUSS 

C 

OUTPUT 

OUTPUT 

9/19 

B2B 

55 

B 

5580 

600 

12.7 

B2B 

55 

B 

5580 

840 

- 

11.6 

9/19 

B2A 

55 

B2A 

6560 

600 

11.9 

B2A 

55 

B2A 

6560 

742 

- 

11.2 

B2A 

55 

B2A 

6560 

742 

- 

11.3 

9/12 

B2A 

55 

B2A 

6560 

10 

_ 

12.3 

B2A 

55 

B2A 

6560 

100 

- 

13.2 

B2A 

55 

B2A 

6560 

200 

- 

13.4 

B2A 

55 

B2A 

6560 

400 

- 

12.4 

B2A 

55 

B2A 

6560 

600 

- 

12.2 

11/16 

P8 

54 

P5 

5200 

600 

7.8 

- 

11/19 

D2 

54 

D1 

5900 

600 

6.6 

9.0 

11/21 

P8 

54 

P5 

5100 

600 

7.1 

9.9 

P8 

54 

P5 

5100 

900 

6.9 

- 

P8 

54 

P5 

5100 

1200 

6.3 

- 

11/21 

P8 

54 

P4 

5250 

600 

7.4 

10.0 

9/12 

BLA 

219 

BIA 

6960 

600 

- 

19.5 

9/19 

CIA 

210 

CIA 

6970 

600 

- 

19.1 

9/19 

CIA 

210 

C 

5970 

600 

- 

13.5 

9121 

CIA 

210 

A 

5920 

600 

- 

13.6 

10/4 

D1 

217 

D1 

5300 

10 

52.2 

D1 

217 

D1 

5300 

120 

- 

26.5 

D1 

217 

D1 

5300 

200 

- 

22.2 

D1 

217 

D1 

5300 

600 

- 

13.2 

10/5 

D1 

217 

D1 

5300 

20 

_ 

48.1 

D1 

217 

D1 

5300 

50 

- 

38.2 

D1 

217 

D1 

5300 

300 

- 

16.7 

D1 

217 

D1 

5300 

1000 

- 

10.2 

D.  RAIL  GUN  TEST 


1.  Energy  Storage  Modules 

Three  prototype  generators  and  their  associated  energy  storage  modules 
were  forwarded  to  Picatinny  Arsenal  for  "rail  gun"  tests  during  the  latter 
part  of  this  program.  Upon  receipt  of  these  units  it  was  determined  that 
the  energy  storage  modules  contained  voids  within  the  potting  material  in 
the  vicinity  of  the  circuit  board.  X-ray  inspection  of  these  units  at 
General  Electric  (see  Figure  7)  later  confirmed  this  condition. 

As  a  safeguard  against  possible  failure  of  these  units  in  a  gun 
launch  environment,  it  was  decided  to  fabricate  three  new  energy  storage 
modules  to  replace  those  considered  marginal.  These  new  units  were  sub¬ 
sequently  forwarded  to  Picatinny  Arsenal  to  replace  the  defective  units. 

An  X-ray  of  these  units  (Figure  8)  showed  no  evidence  of  voids 
within  the  potting  compound. 

Electrically,  the  energy  storage  modules  consisted  of  six  150  micro¬ 
farad  capacitors  connected  in  parallel  (900  microfarads  total)  and  a  1N5059 
rectifying  diode.  These  components  were  mounted  on  a  printed  circuit  board 
and  potted  in  Emerson  Cumings  type  2057  epoxy. 

2.  Generators 

Three  generators  were  supplied  for  these  tests  in  two  electrical  designs. 
All  three  were  identical  in  physical  design  with  the  exception  of  the  coll 
configuration.  Coils  vrLthin  two  of  the  units  were  54  turns  of  No.  15  wire 
and  the  other  unit  had  a  coil  of  220  turns  of  No.  21  wire.  Data  on  these 
three  units  prior  to  firing  is  shown  in  Table  4.  Voltage  decay  measurements 
were  performed  on  all  capacitor  modules  both  prior  to,  and  following,  potting 
of  the  units  into  the  test  hardware.  Note  that  the  voltage  decay  charac¬ 
teristics  of  all  units  were  similar. 
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The  test  fixture  into  which  the  generator  hardware  was  installed  is 
shown  in  the  drawing  of  Figure  9.  These  units  were,  in  turn,  installed  in 
155-tnm  test  rounds  in  a  manner  shown  in  Figure  10.  Note  that  generators 
numbers  1  and  3  were  assembled  with  one  shear  pin  each,  designed  to 
release  the  magnet  assembly  at  about  a  1000  g  acceleration  load.  Generator 
No.  2  had  two  shear  pins  within  the  unit  which  should  have  caused  the  magnet 
assembly  to  release  at  about  2000  g's. 

The  test  projectiles  were  fired  from  a  153-mm  weapon  into  a  "soft 
recovery"  water  trough  which  slowed  the  projectile  to  a  stop  in  about  100 
feet  of  travel.  At  this  point,  the  projectile  was  removed  from  the  water 
trough,  opened  up,  and  the  voltage  on  the  capacitor  bank  was  measured. 

Data  from  Figures  11,  12  and  r3  show  that  the  voltage  on  unit  No.  1 
(5  minutes  after  firing)  was  12.5  volts.  Unit  No.  2  had  a  voltage  of  3.18 
volts  (]1  minutes  after  firing)  and  unit  No.  3  had  a  voltage  of  6.6  volts 
(5  minutes  after  firing).  These  voltage  levels,  extrapolated  back  to  the 
voltage  at  the  time  of  firing,  showed  unit  No.  1  to  have  been  13.4  volts 
(808,000  ergs),  unit  No.  2  was  ^.1  volts  (75,600  ergs)  and  unit  No.  3, 

7.2  volts  (233,000  ergs).  These  values  were  arrived  at  after  having 
tested  the  decay  characteristics  of  the  capacitor  banks  after  firing  at 
two  voltage  levels  for  each  unit.  Table  5  shows  the  results  of  these 
tests.  This  technique  assured  a  reasonable  degree  of  accuracy  in  pre¬ 
dicting  the  "start"  voltage  for  each  of  the  generators  under  test. 


3.  Post  Flight  Inspection 

After  all  of  the  electrical  tests  had  been  completed  on  the  three 
generator  test  units,  the  hardware  was  cut  open  for  visual  inspection. 


It  was  noted  that  the  magnets  on  each  unit  were  severely  damaged. 

It  could  not  be  determined  from  inspection  when  the  damage  to  these  magnets 
had  occurred  during  the  test  cycle.  It  is  suspected,  however,  that  the 
damage  occurred  at  peak  projectile  setback  within  the  gun  tube  sometime  after 


FUZE  TEST  UMT 


VOLTAGE  DECAY  OF  90Jp»  STORAGE  MODULE  NO.  3 


TIME  IN  MINUTES 


Figure  13.  Voltage  Decay  of  900uf  Storage  Module  Number  3 


the  generator  would  have  performed  its  function.  In  this  case,  failure  of 
the  magnets  would  not  influence  voltage  produced  by  the  generators. 

4.  Conclusions 

1.  The  output  of  generator  No.  1  (220  turn  unit)  met  performance 
requirements.  However,  generators  Numbers  2  and  3  (54  turn  units) 
produced  outputs  below  the  level  anticipated. 

2.  The  energy  storage  modules  survived  the  shock  environment  and  did 
not  leak  off  the  charge. 

3.  The  test  technique,  though  it  did  not  allow  for  a  measurement  of 
peak  voltage  at  projectile  setback,  provided  a  degree  of  test 
versatility  not  available  in  other  test  vehicles. 

A  number  of  possible  causes,  for  the  less  than  expected  performance 
on  two  of  these  generators,  have  been  identified.  The  more  probable  of 
these  are  listed  below; 

1.  'ine  shear  pin  under  shock  conditions  may  have  released  much  sooner 
than  anticipated  by  static  measurements  resulting  in  reduced 
velocity  of  the  core  through  the  coil  and  consequently  reduced 
generator  output. 

2.  The  test  projectiles  may  not  have  provided  a  realistic  presentation 
of  a  normal  acceleration  profile  during  the  first  millisecond  after 
"first  motion". 

3.  Dislodging  of  the  forward  magnet  on  the  geners,;or  assembly  during 
the  early  phase  of  projectile  setback  could  bar-*  caused  reduction 
in  the  amount  of  reverse  flux  resulting  iii  lower  output  voltage. 

More  sophisticated  testing  techniques  will  be  required  on  the  20 
deliverable  units  to  identify  the  exact  cause  of  the  malfunction  for  two  of 
the  three  prototype  units  tested  to  date. 


33 


TABLE  A 


DATA  ON  FUZE  TEST  UNITS 


UNIT  NUMBER 


1 


2 


3 


GENERATOR  NUMBER 
TYPE 

It  SHEAR  PINS 


BIA  B2A 

#21  AWG  220  TURNS  #15  AWG  54  TURNS 
1  2 


B2B 

#15  AWG  54  TURNS 
1 


ELECTRONICS  MODULE  NO. 
TYPE 


1 

900  yf  -  No  Zener 
15  volts 


2 

900  pf  -  No  Zener 
15  70ltS 


3 

900  uf  -  No  Zener 
15  volts 


VOLTAGE 

DECAY 

MEASUREMENTS 

(VOLTS) 


TIME  BEFORE  AFTER  BEFORE  AFTER  BEFORE  AFTER 

(MIN)  POTTING  POTTING  POTTING  POTTING  POTTING  POTTING 


0 

15 

15 

15 

15 

15 

15 

1 

14.7 

14.3 

14.2 

14.3 

14.0 

14.2 

2 

14.5 

14.0 

13.8 

13.9 

13.5 

13.7 

3 

14.3 

13.8 

13.5 

13.6 

13.2 

13.2 

4 

14.2 

13.5 

13.3 

13.4 

12.9 

12.8 

5 

14.0 

13.4 

13.1 

13.2 

12.6 

12.5 

6 

13.9 

13.2 

13.0 

13.0 

12.3 

12.0 

7 

13.7 

13.1 

12.8 

12.8 

12.1 

11.9 

8 

13.6 

13.0 

12.7 

12.7 

11.9 

11.7 

9 

13.5 

12.8 

12.6 

12.5 

11.7 

11.4 

10 

13.3 

12.7 

12.4 

12.4 

11.5 

11.2 

RESISTANCE  MEASUREMENTS 
Case  to  Pin  H 
Case  to  Pin  G 
Case  to  Pins  A  &  E 


CO 


00 


00 


CO 


CO 


CO 


FUZE  WEIGHTS  (ounces) 


28.5 


28.7 


28.6 


FINAL  TEST  PROCEDURE 

Before  Firing  -  Press  METER  to  determine  charge  on  capacitors 

-  Press  DISCHARGE  (Meter  must  read  0) 

-  Press  CHARGE 

-  Press  and  Hold  METER  -  indicator  should  be  off  scale  and 
after  a  few  seconds  should  begin  dropping 

-  Press  DISCHARGE  ^.Meter  MUST  read  0) 

After  Firing  -  Connect  hi-input  impedence  voltmeter  to  either  red  wire  (+) 
and  black  wire  (-)  from  connector  or  violet  jack  (+)  and 
black  jack  (-)  on  test  box. 

-  Mate  connector  with  fuze  and  measure  voltage 
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TABLE  5 


TEST  MEASUREMENTS  OF  FUZE  TEST  UNITS  AFTER  FIRING  AT  HONEYWELL 


MODULE  NUMBER 

1 

2 

3 

CHARGE  REMAINING 

IN  C<APS  SINCE 

TEST  ON  11/8 

0.70  VOLTS 

0.39  VOLTS 

0.003  VOLTS 

CHARGE  CHARACTERISTICS 
FROM  POWER  SUPPLY 

OK 

.  DISCONTINUOUS 

OK 

DISCONTINUOUS 

OK 

DISCONTINUOUS 

VOLTAGE  DECAY 

I  MEASUREMENTS 

MIN 

TEST  1 

TEST  2 

TEST  1 

TEST  2 

TEST  1 

TEST  2 

*  (VOLTS) 

0 

15.0 

13.0 

15.0 

5.5 

15.0 

7.5 

1 

1 

14.3 

12.5 

14.2 

5.35 

13.8 

7.15 

f 

2 

14.0 

12.4 

13.8 

5. .30 

33.0 

7.05 

3 

13.7 

12.2 

13.6 

5.30 

12.6 

6.95 

4 

13.5 

12.1 

13.4 

5.78 

12.2 

6.82 

1 

5 

13.4 

12.0 

13.2 

5.28 

11.8 

6.75 

i 

6 

13.3 

11.9 

13.0 

5.26 

11.5 

6.65 

f 

7 

13.1 

11.8 

12.9 

5.25 

11.2 

6.58 

i 

8 

13.0 

11.7 

12.8 

5.24 

10.9 

6.50 

{ 

9 

12.9 

11.7 

12.6 

5.23 

10.7 

6.42 

10 

12.8 

11.6 

12.5 

5.22 

10.4 

6.35 

f 

11 

12.7 

11.6 

12.4 

5.21 

10.2 

6.28 

1 

12 

12.5 

11.5 

12.3 

5.20 

10.0 

6.21 

1  DIODE  CONDITION 

OK 

OK 

OK 

Resistance  Forward  XlK 

4.6 

A .  6 

4 . 6 

Resistance  Reverse  XlK 


li 


35 


J 


E.  LOW  G  B4LLISTICS  TESTS 


The  General  Electric  Company  is  concurrently  developing,  under  a 
separate  contract  with  Picatinny  Arsenal  (DAAA21-73-C-0764) ,  a  Remote  Set 
Fuze  for  2.75"  Rockets.  These  fuzes  are  presently  battery  powered.  Pre¬ 
liminary  laboratory  testing  of  setback  generators  under  ..he  current  program, 
however,  suggested  that  they  might  provide  sufficient  output  within  a 
low  g  rocket  launch  environment  to  allow  for  their  use  in  rocket  fuzing 
applications.  On  this  basis,  the  General  Electric  Company  initiated  an 
in-house  funded  program  to  evaluate  a  setback  generator  specifically 
designed  to  operate  in  this  low  g  environment. 

Picatinny  Arsenal  offered  to  provide  the  range  facilities  (Camp 
Edwards,  Massachusetts)  and  its  support  personnel  to  evaluate  this  hard¬ 
ware. 


Three  test  units  were  fabricated  for  test.  Figure  2  shows  the 
generator  and  Figure  14  the  energy  storage  module  (300  mfd's).  The  units 
were  assembled  within  plumbing  hardware  which  was  used  to  assure  parts 
recovery.  Figure  15  shows  this  hardware.  The  unit  under  test  was 
attached  to  a  live  2.75"  rocket  with  the  generator  output  hardwired 
to  a  remote  recorder.  Figure  16  shows  such  a  tast  vehicle  prior  to  launch. 

The  rockets  were  launched  from  a  fixed  tube  positioned  a  few  hundred 
feet  in  front  of  a  sand  pile  with  data  being  recorded  over  a  flexible 
cable  connected  to  the  hardware  under  test.  Figure  17  shows  the  launcher 
and  impact  area.  Upon  firing,  the  output  of  the  generator  vyas  transmitted 
over  the  cable  to  a  recorder  in  a  bunker  located  a  safe  distance  from  the 
launch  site.  Since  the  cable  remained  connected  to  the  rocket  head  hrough- 
out  the  short  trajectory,  data  was  recorded  to  rocket  impact  with  the  sand 
bank  where  the  rocket  imbedded  and  the  motor  burned  out .  The  rocket  and  its 
test  hardware  were  then  extracted  from  the  sand  bank  for  subsequent  bench 
tests. 
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A  typical  data  trace  shown  in  Figure  18  reveals  the  time  of  rocket 
ignition,  rocket  first  motion,  and  the  voltage  impressed  upon  the  300  micro¬ 
farad  capacitor  storage  bank  by  the  generator.  Note  that  the  voltage  rose 
very  abruptly  to  about  16  volts.  This  represents  approximately  385,000 
ergs  of  stored  energy,  enough  to  power  a  remote  set  rocket  fuze  electronics 
for  a  few  seconds.  Minor  changes  in  the  fuze  electronics  could  extend  this 
time  period  significantly.  A  summary  of  the  test  data  obtained  during  the 
course  of  these  tests  is  shown  in  Table  6. 

F.  CONCLUSIONS 

There  is  conclusive  evidence  to  support  the  position  that  a  setback 
generator,  of  proper  design,  could  serve  as  a  power  source  for  Remote 
Set  Fuzes  on  2,75"  rockets.  Further,  it  was  demonstrated  that  the 
energy  available  from  such  a  generator  is  sufficient  so  as  to  require  only 
minor  modification  to  the  existing  electronics  to  allow  for  its  use  in  this 
application. 


Figure  18.  Setback  Generator  Voltage  Profile 
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Blanks  in  the  above  table  intiicate  loss  of  recorcJed  data. 

Action  time  is  the  period  between  the  fire  signal  and  rocket  first  motion. 


SECTION  V 


GENERATOR  ANALYSE J  SUMMARY 

A.  OUTPUT  VOLTAGE  (SIMPLE  GENERATOR  MODEL) 

Effort  toward  developing  a  mathematical  expression  for  generator 
output  was  initially  based  upon  the  assumption  of  a  cosinusoidal  distri¬ 
bution  of  flux,  versus  position,  during  core  motion.  This  assumption 
was  supported  by  a  flux  versus  position  plot  made  from  test  data  on  an 
early  generator  which,  at  first  inspection,  appeared  to  reasonably  con¬ 
form  to  the  expected  cosinusoidal  distribution.  For  constant  velocity 
core  motion  this  assumption  resulted  in  a  generated  open-circuit  voltage 
corresponding  to  a  half-sine  wave.  The  magnitude  of  this  voltage  could 
be  calculated  from  measurable  or  known  values  of  core  area,  flux  aensity, 
number  of  coil  turns  and  core  transit  time. 

Using  a  simple  RLC  model,  the  equations  controlling  output  voltage 
were  generated  and  a  computer  program  set  up.  However,  values  for  R  and 
L  had  to  be  determined  before  results  could  be  obtained.  This  was  not 
a  simple  task  since  the  value  for  R  had  to  include  core  losses  and  the 
variation  of  inductance  with  flux  density  and  frequency  had  to  be  deter¬ 
mined.  While  this  work  was  underway,  a  series  of  open-circuit  voltage 
oscilloscope  photographs  were  taken  which  revealed  substantial  discre¬ 
pancies  between  measured  and  calculated  voltages  and  transit  times.  These 
discrepancies  resulted  in  a  review  of  our  earlier  assumptions.  As  a 
result,  it  was  decided  that  the  following  changes  were  necessary  to  pro¬ 
perly  describe  the  generator  action; 

1.  Provide  a  better  curve  fit  than  the  previously  assumed  cosin¬ 
usoidal  flux  versus  core  position  distribution. 

2.  Modify  the  simple  RLC  model  to  include  the  effect  of  leakage  flux. 
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B.  OPEN  CIRCUIT  VOLTAGE  (LAB  TEST  ENVIRONMENT) 

Figura  A-1  of  Appendix  A  illustrates  the  measured  relationship 
between  flux  linkages  and  core  position.  Also  shown  is  a  plot  repre¬ 
senting  the  slope,  or  rate  of  change  of  flux  linkages  with  distance 
traveled,  which  is  closely  approximated  by  an  isosceles  triangle.  With 
constant  velocity  motion,  such  as  is  developed  during  laboratory  drop 
tests,  rate  of  change  of  flux  linkages  with  time,  or  generated  voltage, 
will  also  be  triangular.  Relationships  describing  the  triangular  wave 
shape  and  relating  it  to  a  periodic  function  are  derived  in  Section  I 
of  Appendix  A,  and  the  peak  value  of  the  generated  voltage  is  computed 
for  a  5-foot  laboratory  drop  test  of  a  setback  generator  having  217  turns 
and  5300  gauss  peak  flux  density.  This  peak  voltage  is  more  than  twice 
as  large  as  the  measured  open  circuit  voltage  for  these  conditions.  This 
provides  clear  evidence  that  a  simple  series  R,L  equivalent  circuit,  which 
would  require  that  open  circuit  output  voltage  be  equal  to  generated  vol¬ 
tage,  is  not  adequate  to  describe  the  operation  of  the  device. 

In  Section  II  of  Appendix  A,  a  realistic  equivalent  circuit  is  devel¬ 
oped  using  conventional  transformer  theory,  and  parameter  values  are  deter¬ 
mined  using  open  circuit  test  measurements. 

Section  III  consists  of  an  open  circuit  voltage  analysis  based  on 
this  equivalent  circuit,  and  includes  calculations  of  open  circuit  voltage 
versus  time  for  '  .je  217  turn  unit  when  subjected  to  the  5-foot  drop  test. 
These  results  are  plotted  in  Figure  A-2  along  with  calculated  generated 
voltage.  Superimposed  on  this  plot  is  the  measured  open  circuit  voltage 
obtained  by  scaling  from  an  open  circuit  voltage  oscilloscope  photograph. 
Included  in  this  report  as  Figure  4. 

Calculated  and  test  results  are  in  substantial  agreement,  giving 
confidence  that  the  equivalent  circuit  and  its  speciiuic  parameters  are 
suitable  for  use  in  prediction  of  capacitor  voltage. 


The  most  notable  difference  between  the  calculatec  and  the  measured 
open  circuit  voltage  v/ave  is  in  the  time  for  reaching  the  peak  voltage. 

The  calculated  waveform  shows  the  open  circuit  voltage  peak  to  lag  the 
generated  voltage  peak,  while  the  measured  waveform  indicates  a  lead.  It 
is  believed  that  this  lead  may  have  been  caused  by  one  or  both  of  the 
following  conditions  not  considered  in  the  analysis: 

1.  Dissymmetry  of  the  magnetic  structure,  such  as  different 
strengths  for  the  magnets  at  each  end  of  the  core,  causing  the 
flux  to  go  through  zero  before  the  core  reached  the  center  of 

its  travel.  j 

2.  Decreasing  relative  velocity  during  transit  caused  by  frictional 
and  magnetic  forces,  causing  the  core  to  reach  the  center  of  its 

travel  at  less  than  half  the  transit  time.  ' 


C.  OUTPUT  VOLTAGE  PREDICTION  (LAB  TEST  ENVIRONMENT) 


Section  IV  of  Appendix  A  consists  of  an  output  voltage  analysis, 
and  includes  calculation  of  the  voltage  developed  across  a  600  micro¬ 
farad  capacitor  by  a  217  turn  setback  generator  when  subjected  to  the 
5-foot  laboratory  drop  test.  The  calculated  time  for  achieving  maximum 
capacitor  voltage  of  1.17  msec  beyond  completion  of  travel  agrees  very 
well  with  that  measured  in  test  (see  oscilloscope  photograph,  Figure  4) 
but  the  predicted  capacitor  voltage  of  21.51  volts  is  about  50  percent 
higher  than  that  illustrated  in  the  same  photograph.  The  discrepancy  is  not 
necessarily  this  large,  however,  because  measurements  on  other  217  turn 
units  earlier  in  the  program  gave  more  typically  18  volts  during  the  same 
test.  With  18  volts  as  a  reference,  the  prediction  is  about  20  percent  high. 
Therefore,  the  equivalent  circuit  and  the  measured  parameters  are  con¬ 
sidered  sufficiently  close  for  predictions  relative  to  the  effect  of 
variations  in  turns,  core  velocity,  and  load  capacitance. 


Although  the  phenomenon  involved  in  charging  the  capacitor  i^^  i 
transient  one,  once  the  transient  response  has  been  calculated  for  one 
set  of  conditions,  certain  qualitative  predictions  may  be  made  relative 
to  moderate  variations  of  these  conditions  by  investigating  the  effect 
on  the  frequency  response  transfer  function.  This  transfer  function  is: 
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Let  S  =  jo),  where  lo  is  the  angular  frequency  of  the  periodic  generated 
voltage  function. 

For  the  5-foot  drop  test,  «=27r  (400)  =  2513  rad/sec. 
b  =  undamped  natural  frequency  =  — — 

°  /rr 

o  o 

=  741.49  rad/sec  for  the  217  turn  unit  charging  a  600  mfd 
capacitor 


Because  u  exceeds  b^,  operation  Is  beyond  the  break  point  frequency, 
resulting  in  an  amplification  of  the  denominator  as  co  is  increased.  This 
amplification  exceeds  the  first  power  of  u. 

The  numerator,  Eg(S),  increases  in  direct  proportion  to  velocity, 
and  is,  therefore,  amplified  by  the  first  power  of  u. 


Combining  these  two  effects  indicates  that  the  output  of  the  217  turn 
setback  generator  will  decrease  as  the  core  speed  is  increased.  Conversely, 
the  output  will  increase  as  the  core  speed  is  decreased,  as  long  as  w  remains 
substantially  above  b^.  This  relationship  is  borne  out  by  inspection  of 
the  log-log  plots  for  the  5-foot  drop  test  and  the  1.25-foot  drop  test, 
where  the  1.25-i;oot  drop  test  results  in  reduction  of  w  by  a  factor  of 
2  to  1. 


Results  from  the  plots  for  a  217  turn  unit  supplying  600  mfd  are: 


5-foot  drop:  13.2  volts 
1.25-foot  drop:  14.5  volts 

For  operation  well  above  the  natural  frequency,  the  denominator 
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LC(S  +-Z —  S  +  —  -— )  can  be  approximated  by  L  C  S  ,  and  therefore  will 
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increase  in  proportion  to  capacitance.  For  operation  well  below  the 
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natural  frequency,  the  denominator  can  be  approximated  by  and 


therefore  will  not  be  affected.  For  intermediate  conditions,  the  denom¬ 
inator  will  be  amplified  by  less  than  the  first  power  of  C.  This  relation¬ 
ship  is  readily  apparent  by  inspection  of  the  log-log  plots  v;here  the 
attenuation  with  increasing  capacitance  approaches  proportionally  with 
C  for  the  880  turn  unit  which,  because  of  its  high  inductance,  produces 
a  low  natural  frequency,  and  approaches  unity  for  the  54  turn,  high 
natural  freouency  unit. 
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Relationship  of  output  voltage  with  turns  is  more  complex  because 
of  the  substantial  effect  that  turns  has  cn  natural  frequency.  L  increases 
with  tfe  square  of  the  turns  causing  the  natural  frequency  to  decrease  in 
uroportion  to  the  turns.  The  denominator  approximations  mentioned  above  do 
apply,  however,  but  careful  attention  must  be  given  to  the  relationship 
between  operating  frequency  and  natural  frequency. 

2 

For  high  frequency  operation,  the  denominator  approximation  of  S 
indicates  that  the  denominator  will  increase  in  proportion  to  the  square 
of  the  turns.  The  numerator  will  ic''rease  in  proportion  to  the  turns, 
causing  the  output  voltage  to  decrease  in  proportion  to  the  turns.  For 

p 

low  frequency  operation,  the  denominator  approximation  of  —  indicates 

*-o 

that  the  denominator  will  be  unaffected,  resulting  in  the  CuLput  voltage 
increasing  in  proportion  to  turns.  The  log-log  plots  support  this  in  that 
the  54  turn,  high  natural  frequency  unit  produced  more  output  into  600 
microfarads  during  the  5-foot  drop  than  during  the  1.25~foot  drop,  while 
the  217  turn  and  880  turn  units  produced  less. 

Because  the  transit  time  is  shorter  (operating  frequency  higher)  by 
a  factor  of  approximately  two  for  the  artillery  shell  application  as  com¬ 
pared  w’ith  the  5-foot  drop,  a  further  attenuation  can  be  expec..ed  v;iLh  the 
higher  turn  units,  while  a  further  amplification  would  b'l  expected  with  the 
54  turn  unit.  The  optimum  design  will  be  one  where  ..eitner  attenuation  nor 
amplification  will  result  for  small  changes  around  the  or.erating  frequency. 
For  this  reason,  10  of  the  20  units  are  being  fur-ushei  trlth  132  turns 
which  would  appear  to  be  closer  to  the  optimum  t  nan  either  the  54  turn  or 
the  217  turn  units.  The  remaining  1C  units  are  be<ng  furnishe-’  v;itii  210 
turns,  vrhich  is  representative  of  the  design  configuration  for  which  the 
greatest  amount  of  test  data  is  available. 
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D.  PROJECTION  TO  FIRING  ENVIRONMENT 


Fata  from  velocity  curves  for  a  305-mm  (high  acceleration)  and  a 
106-10  (low  acceleration)  projectile  is  interpreted  in  Appendix  B  to 
arrive  at  acceleration,  breakaway  time,  and  core  transit  time  for  1000  g 
and  3000  g  saflng.  Also  included  is  a  calculation  of  the  relative  velocity 
developed  between  setback  generator  core  and  housing  at  the  end  of  core 
travel  with  a  safing  level  of  1000  g.  This  velocity  is  67.19  ft/sec  for 
the  105-mm  projectile,  and.  47.15  ft/sec  for  the  106-mm  projectile.  If  the 
assumption  is  mr.de  that  the  acceleration  remains  constant  for  this  short 
interval,  the  velocity  curve  then  becomes  a  simple  ramp  function.  Average 
velocities  and  transit  times  based  on  this  assumption  are: 


Fcr  discussion  purposes,  the  averages  of  the  above  two  sets  of 
values  will  be  considered  as  representative  of  the  firing  environment. 
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These  averages  ^re: 

V  =  343  in, 
a 

=  0.6  msec 

Corresponding  values  for  the  5-foot  laboratory  drop  test  environment 
considered  in  the  analysis  of  Appendix  A  are: 

V  =  const.  =  160  in/sec 

t  =1.25  msec 
t 

Therefore  the  nominal  firing  environment  provides  double  the  average 
velocity  and,  conversely,  half  the  transit  time  or  double  the  angular  fre¬ 
quency.  All  three  conditions  are  synonomous. 

If  the  velocity  were  constant  and  therefore  equal  to  che  average 
value  presented  above,  then,  because  of  the  further  increased  operating 
frequency,  the  low  natural  frequency  217  turn  unit  analyzed  in  Appendix  A 
would  produce  a  smaller  output  voltage  during  the  firing  environment  than 
during  the  drop  test  environment.  The  reasoning  to  support  this  is  pre¬ 
sented  in  the  preceding  section.  Another  qualitative  explanation  for  the 
decrease  in  output  is  that  the  volt-time  Integral  would  be  unchanged,  yet 
the  time  base  would  be  decreased  by  a  factor  of  2.  Therefore,  a  low 
natural  frequency  circuit  could  not  respond  as  effectively. 

The  ramp  nature  of  the  velocity  tends  to  improve  the  output  for  a 
low  natural  frequency  circuit.  Altho.igh  the  peak  voltage  will  be  the 
same  as  for  a  constant  velocity  equal  to  the  average  velocity  of  the 
ramp,  and  will  still  occur  at  the  midpoint  of  travel,  a  generated  voltage 
near  the  peak  value  will  be  maintained  until  about  60  percent  of  travel,  and 
2/3  of  the  volt-time  integral  will  occur  during  the  last  half  of  travel. 

This  situation  will  tend  to  restore  much  of  the  output  lost  by  the  increase 
in  operating  frequency,  detter  results,  however,  can  be  anticipated  with 
the  132  turn  units  which  will  provide  a  59  percent  higher  natural  frequency 
(compared  with  the  210  turn  delivered  units)  resulting  in  faster  response 
to  overcome  the  attenuating  influence  of  the  higher  operating  frequency. 


SECTION  VI 


ENERGY  STORAGE  MODULE 

Energy  is  produced  from  a  setback  generator  in  the  form  of  a  narrow 
electrical  pulse  which  must  be  stored  for  subsequent  distribution  to 
electronic  circuits  within  the  fuze  during  its  flight.  The  mechanism  used 
to  store  this  energy  is  a  capacitor  of  sufficient  size  to  allow  the 
storage  of  this  energy  at  a  voltage  which  will  not  cause  damage  to  the 
electronic  circuits.  This  level  for  CMOS  circuitry  is  about  15  volts. 

A  zener  diode  is  sometimes  connected  across  the  capacitor  bank  to  assure 
that  this  level  is  not  exceeded.  It  also  serves  to  protect  the  capaci¬ 
tors  against  a  voltage  breakdown  condition. 

The  voltage  from  the  generator  is  applied  to  the  capacitor  bank 
through  a  rectifier  which  also  serves  to  isolate  the  generator  from  the 
energy  storage  module.  Figure  19  is  a  schematic  diagram  of  the  energy 
storage  module. 


Figure  19.  Schematic  Diagram  of  Energy  Storage  Module 
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To  assure  structural  integrity  of  the  energy  storage  module  under 
conditions  of  projectile  setback,  the  components  which  make  up  the  module 
are  encapsulated  in  a  hard  epoxy.  A  photograph  of  a  module  prior  to 
potting  is  shown  in  Figure  20.  The  photograph  also  shows  a  potted 
module  and  the  mold  assembly  used  to  encapsulate  the  electrical  components. 

The  physical  dimensions  of  the  energy  storage  module  are  presently 
excessive  when  the  actual  volume  of  the  tantalum,  slugs  within  these  capa¬ 
citors  is  considered.  The  X-ray  photograph  in  Figure  8  clearly  points 
this  out.  The  use  of  these  capacitors  and  the  general  physical  configuration 
of  the  module  are  primarily  for  expedience  in  this  program  since  only  limited 
resources  were  available  to  develop  an  acceptable  package. 

Technical  discussions  held  with  capacitor  vendors  have  confirmed  the 
belief  that  a  special  capacitor  module  could  be  developed  which  would  meet 
the  necessarv  environmental  requirements  and  be  packaged  with  a  volume  equal 
to  about  1/4  that  of  the  present  energy  storage  module.  It  v;as  further 
suggested  that  the  development  of  such  a  package  would  involve  only  modest 
development  costs. 
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A.  CAPACITOR  Evaluation 


The  key  element  in  the  successful  design  of  the  setback  generator 
power  source  is  the  ability  of  the  energy  module  (capacitor  bank)  to 
properly  store  the  energy  produced  by  the  generator  and  maintain  the 
level  of  that  energy  through  the  shock  induced  into  the  capacitors 
during  projectile  setback.  The  susceptibility  of  capacitors  to  fail  to 
maintain  their  charge  within  this  high  g  environment  was  observed 
during  the  course  of  related  contract  work  in  which  setback  generators 
of  an  earlier  design  were  employed. 

During  the  course  of  this  contract  effort  (and  concurrent  with 
Picatinny  Arsenal  contract  DAAA21-73-C-0292,  "Remote  Settable  Fuze 
Information  Link"  which  also  included  a  task  relating  to  capacitor 
evaluation)  a  laboratory  investigation  into  the  failure  mechanism  of 
tantalum  capacitors  was  undertaken.  The  scope  of  this  investigation 
included  an  evaluation  of  both  dry,  wet  slug,  and  electrolytic  foil 
capacitors . 

The  data  presented  below  combines  the  results  of  capacitor  tests 
performed  in  support  of  investigations  on  both  programs.  It  should  be 
noted  that  the  laboratory  test  technique  employed  was  nearly  identical 
in  studies  conducted  on  both  contracts. 
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1.  Laboratory  Tests 

A  laboratory  investigation  into  the  failure  mechanism  of  tantalum  and 
electrolytic  capacitors  within  a  high  g  shock  environment  was  undertaken 
during  the  course  of  this  contract.  Both  "solid"  and  "wet  slug"  tantalum 
capacitors  were  investigated. 

The  fixture  used  to  induce  shock  into  ihe  capacitors  was  a  small 
air-driven  jack  hammer  operated  from  shop  air.  A  photograph  of  the  test 
device  is  shown  in  Figure  21.  It  is  capable  of  inducing  ±20,000  g  shock 
Impulses  into  a  test  specimen  at  a  rate  of  50  impulses  per  second.  Figure 
22  shows  an  individual  induced  shock  pulse.  The  multiple  shock  pattern  is 
primarily  the  result  of  transducer  ringing.  Test  cycles  used  for  this 
evaluation  consisted  of  the  following: 

1.  Charge  potted  capacitor  to  +15  volts,  remove  supply  and 
record  voltage  decay  (leakage)  for  50  seconds. 

2.  Repeat  same  as  above  except  that  the  test  specimen  is  shocked 
during  the  50-second  decay  period. 

3.  Following  shock  test,  recharge  capacitor  to  +15  volts  and 
record  voltage  decay  (leakage)  for  50  seconds.  This  cycle 
was  repeated  for  identical  capacitors  in  two  perpendicular 
mounting  planes. 

2.  Results 

Tantalum  and  foil  electrolytic  capacitors  were  subjected  tv"*  shock 
tests  as  described  above.  These  included  solid,  wet  slug,  and  foil  capa¬ 
citors  from  six  different  vendors  (General  Electric,  Kemet,  Tansitor, 
Sprague,  MECPO,  and  lEC) .  Test  results  from  this  evaluation  confirmed 
similar  findings  by  Picatinny  Arsenal  which  indicated  that  the  Kemet 
"bullet"  capacitors  (type  7246HB  and  7249HD)  repeatedly  survived  the  shock 
environment  without  evidence  of  electrical  degradation. 
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In  addition,  however,  a  wet  slug  capacitor  manufactured  by  Tansitor 
(47  pfd  @  15V)  also  showed  evidence  of  acceptable  performance  V7ithin  the 
induced  shock  environment.  Of  the  five  units  of  this  type  tested,  all  were 
unaffected  by  the  shock  environment.  One  of  the  units,  however,  showed 
moderate  leakage  prior  to  the  shock  test  and  \7as  rejected.  Testing  of  a 
larger  sampl.?  may  show  this  capacitor  type  to  be  an  acceptable  substitute 
for  the  Kemet  units. 

Figures  23  through  29  compare  the  results  of  typical  wet  slug  tantalum 
and  foil  electrolytic  capacitors  with  thac  of  an  acceptable  solid  core 
tantalum  capacitor. 

Table  7  summarizes  the  results  of  some  65  test  runs  performed  on 
17  capacitor  types.  On  the  basis  of  this  test  data  and  other  test  data 
compiled  at  Picatinny  Arsenal,  the  Kemet  "bullet"  capacitors  we’*e  selected 
for  use  as  the  energy  store  for  all  fuze  hardware  fabricated  and  delivered 
in  this  program.  Ten  energy  storage  modules  which  were  delivered  at  the 
conclusion  of  this  program  contained  six  100  pfd,  20  volt  Kemet  capacitors. 
Another  10  modules  delivered  were  fabricated  using  six  150  ufd,  15  volt 
Kemet  capacitors. 
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Figure  24,  Electrolyt 
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Figure  28.  T310  Kemet  Capacitor  Leakage  during  Shock 


Figure  29.  T310  Kemet  Capacitor  Leakage  following  Shock 
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SECTION  VII 


DELIVERABLE  HARDWARE 


A.  ENERGY  STORAGE  MODULES 

Prior  to  shipping  the  20  energy  storage  modules  to  Picatinny  Arsenal, 
a  capacitor  leakage  test  was  conducted  on  each  of  the  potted  units.  This 
test  was  performed  by  first  charging  each  module  to  its  maximum  operating 
voltage  (+15  or  +20  volts  depending  upon  the  group  being  evaluated)  and 
monitoring  the  residual  voltage  on  each  unit  at  15  minute  increments  over 
a  period  of  two  hours. 

The  results  of  these  tests  are  shown  in  Tables  8  and  9.  Note  that 
even  the  most  leaking  module  (600  pfd)  retained  over  54  percent  of  its 
initial  voltage  at  the  end  of  the  first  15  minute  period.  The  best  module 
showed  a  voltage  decay  of  only  20.5  percent  over  the  same  period. 

Following  the  leakage  tests  the  units  were  x-rayed  for  evidence  of 
potting  flaws.  No  significant  voids  within  the  potting  materia]  were 
found  as  can  be  seen  from  the  x-ray  photograph  in  Figure  8. 


CAPACITOR  LEAKAGE  TEST  DATA 


B.  GENERATOR  UNITS 


All  generator  units  passed  a  200  volt  hipot  test  between  winding 
and  frame. 


Maximum  flux  density  was  measured  on  all  units  with  the  following 
results. 


SERIAL 

NO.  OF 

CORE 

NO. 

TURNS 

GAUSS 

Gl-1 

132 

5200 

Gl-2 

132 

5300 

Gl-3 

132 

5400 

Gl-4 

132 

5000 

Gl-5 

132 

5400 

Gl-6 

132 

5550 

Gl-7 

132 

5400 

Gl-8 

132 

5550 

Gl-9 

132 

5100 

Gl-10 

132 

5100 

G2-1 

210 

5400 

G2-2 

210 

5250 

G2-3 

210 

5550 

G2-4 

210 

5600 

G2-5 

210 

5500 

G2-6 

210 

5400 

G2-7 

210 

5500 

G2-8 

210 

5600 

G2-9 

210 

5600 

G2-10 

210 

5350 
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SECTION  VIII 


i 


CONCLUSIONS  AND  RECOMMENDATIONS 


j  The  primary  objectives  of  this  design  effort  have  been  met  and 

i 

demonstration  hardware  has  been  delivered  for  customer  evaluation. 


1 


I 

I 


In  the  course  of  providing  workable  hardware  and  a  mathematical  model 
of  the  generator  deoign,  a  number  of  areas  have  been  identified  as 
requiring  more  experimental  and  analytical  study.  These  areas  are  des¬ 
cribed  below.  It  is  recommended  that  this  additional  effort  be  under¬ 
taken  in  a  follow-on  effort  designed  to  provide  this  much  needed  infor¬ 
mation. 

A.  CONCLUSION 

This  program  has  successfully  accomplished  the  following  tasks: 

i.  Completed  design  drawings  of  a  high  energy  setback  generator. 


2.  Produced  20  units  suitable  for  firing  tests. 

3.  Developed  a  mathematical  solution  for  output  voltage. 

4.  Devised  a  test  setup  for  evaluation  of  effect  of  parameter 
variation. 

5.  Demonstrated  in  excess  of  800,000  ergs  in  a  firing  environment. 

6.  Demonstrated  in  excess  of  1,000,000  ergs  in  a  laboratory 
environment . 
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B.  RECOMMENDATIONS 


If  the  United  Stated  Army  decides  that  the  setback  generator  has  a 
role  in  future  fusing  programs,  it  is  recommended  that  additional  development 
effort  be  expended  in  the  following  areas: 

1.  Design  refinements  to  include: 

a.  Dimens io n  1  changes  for  higher  output. 

b.  Improved  means  of  magnet  attachment  to  assure  survivability. 

c.  Investigation  of  customer  designed  capacitor  module  for 
increased  storage  density. 

d.  Cost  reduction. 

2.  Gathering  of  additional  drop  test  data  with  studies  of  the  varia¬ 
tion  in  output  as  a  function  of  parameters  such  as: 

a.  Capacitance 

b.  Drop  height  (core  velocity) 

c.  Number  of  turns 

d.  Resistance 

3.  Refinement  of  mathematical  model: 

a.  Obtain  more  accurate  flux  plot  data. 

b.  Increase  accuracy  of  loss  measurements. 

c.  Devise  computer  program  and  obtain  solutions  thereto. 

d.  Compare  results  with  drop  test  data. 

4.  Extend  analysis  to  include  firing  environment: 

a.  Interpret  firing  test  results. 

b.  Obtain  more  Information  on  projectile  acceleration  profile. 

c.  Generate  computer  solutions  of  optimum  coil  configuration 
in  various  firing  environments. 
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APPENDIX  A 


SETBACK  GENERATOR  ANALYSIS 


I.  Determination  of  Flux  and  Generated  Voltage  Waveforms 

Measurements  were  made  of  flux  linkage  change  while  moving  the  core 

from  its  initial  position  to  its  final  position  in  increasing  increments. 

Because  of  the  design  symmetry  of  the  magnetic  circuit,  the  flux  linkage 

traversed  from  a  positive  at  the  initial  position  to  a  negative  X^  at 

the  final  position.  Therefore,  the  maximum  flux  linkages  at  the  initial 

position  were  X^  =  .  The  measured  data  for  each  point  was  then 

subtracted  from  X  and  the  difference  was  divided  by  X  to  obtain  per  unit 

flux  linkages  X  .  Similarly,  the  displacement  for  each  point  was  divided 

by  the  displacement  S^  between  the  initial  and  the  final  positions  to  obtain 

per  unit  travel  S^.  This  data  is  plotted  in  Figure  A-1  and  a  smooth  curve 

is  fitted.  Data  extracted  from  the  curve  showing  X^  for  0.05  increments  of 

S  is  tabulated,  along  with  calculated  values  for  the  negative  of  the  slope 
u 

at  each  point. 

In  spite  of  the  cosine-like  appearance  of  the  X^  curve,  the  slope  curve 
appears  somewhat  triangular,  rather  than  sinusoidal.  For  simplicity,  a  con¬ 
ventional  triangular  function  having  similar  area  has  been  substituted.  The 
equations  for  this  function  are: 

A.  For  0<S  <0.5 
—  u— 


dX  , 

_ U  _  A  _ 

dS  0.5  u  u 
u 


(1) 
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Giving  dA  =  -8S  dS 
u  u  u 

A  =  -4S^  +  K 
u  u  1 


1  =  0  +  k^,  or  =  1 

A  =  1  -  4S^ 
u  u 


B.  For  0.5<S  <1.0 

—  U“ 


-  -  1)  =  8  -  8S 

dS  0.5  u  u 

u 


Giving  dA  =  8S  dS  -8dS 
u  u  u  u 


A  =  4S  -  8S  +  K- 
t'  u  u  2 


-1  =  4  -  8  +  K2,  or  K2  =  3 


A  =  4S  -  8  S  +3 
u  u  u 


.Substitution  of  =  0.25  into  equation  (2)  and  =  0.75  into  equation 

(4)  gives  A^  =  0.75  and  -0.75  respectively,  compared  to  ±0.76  from  the  curve, 

and  ±0.707  if  a  cosine  function  had  been  used  to  define  A  vs.  S  . 

u  u 

Generated  voltage  Eg  may  now  be  calculated  for  any  assumed  core  velocity 
profile.  Eg  is  the  theoretical  voltage  developed  by  the  rate  of  change  of 
total  flux  linkages.  The  open  circuit  voltage  is  less  than  Eg  because  of 
flux  leakage  and  core  losses. 


„  dA  - .-8 

Eg  =  -  X  10 


dA  /dS*  -  n"*® 
=  "  ds  ^ 
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D. 


I'or  0.5  <  S  <i.O 
-  u— 


clA 

~=8-8S  =8-&|- 

(iS  u  S 

u  m 


X 

P  _  ni  ,  -S  .  dS  ..-8 
E8  -  -  (8  -  8^)  --  X  10 

m  m 

8a 

_  _ w  “8  S  . 

=  2 —  z  10  V  (1  •-  — ) 

IT.  m 

8NAB  o 

I-.  _  i»  ,  S  X 

1-8  ~S -  ^ 

m  m 


Eg  =  Cj  V  (1  - 


For  a  typical  setback  generator  subjected  to  laboratory  drop  tests 
for  data  accumulation,  the  physical  constants  were: 

N  =  217  turns 

3 

d  =  Core  diameter  =  —  inch 

s 

B  =  5300  gauss 
m 

S  =  0.2  in. 
in 

71  2  71  .3.2  ,.2  -  Q,.  2 

A--^d  ~  (2.5A)  =  2.85  cm 

Using  the  above  units, 

8NAB  _ 

Cj  =  — g -  X  10  volt  seconds/inch 

m 

_  _  8(217) (2.85) (5300)  ,„-8  .  , 

Cj^ - - X  10  =  1.31  volt  seconds/inch 
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For  a  constant  velocity  motion,  typical  of  the  laboratory  drop  tests: 


S  =  vt 


S  =  vt  ,  where  t  =  total  transit  time 
mm  m 


Then,  from  equation  (5): 


‘  '=1''  f-  ■  ‘^1''  °  '^1''  r 

m  •  m  m 


And,  from  equation  (6): 


Eg^  -  C^v  (1  -  f)  ■  C,v  (1  -  -  CjV  (1  - 

m  mm 


The  triangular  generated  voltage  wave  (Eg,  +  Eg^)  may  be  considered 
as  one  half-cycle  of  a  periodic  function  having  a  period  T  =  2t^^  sec. 


E8i  -  C^v  (-) 


E82  -  CjV  (1  -  -) 


Let  f  =  Y  Hz 


Egi  =  Cj^v  (2  ft) 


Eg2  =  C^v  (1  -  2  f  t) 


Let  w  =  2Trf  rad/sec 


Egi  =  Cj^v  (^  t)  0^t_< 


Eg2  =  C^v  (1  -  f  t) 


m  <^tj< 

2  m 
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For  the  laboratory  drop  test  from  a  5-foot  height,  measured  t^  was 
1.2  msec. 

To  facilitate  computation,  a  value  of  =  1.25  msec  will  be  used. 

Then  T  =  2t  =2.5  msec, 
m 

10^ 

f  =  ^  =  400  Hz 

u  =  2r  (400)  =  2513  rad/sec. 

^m  0.2  _  ,„3  .  , 

V  =  —  =  - — rr  =  10  =  160  in/sec. 

t  1.25 
m 

Egi  =  C^v  (^)  =  1.31  (160)  {^) 

=  20y.6  (^) 

For  Hg^  =  Eg^.  t  =  f 

u)t 

Then  u.t  = 

Therefore  Eg  =  209.6  (4)  =  104.8  volts 

IT  Z - 

Generated  voltage  Eg  in  volts  versus  periodic  function  angle  -jt  in 
radians,  is  plotted  in  Figure  A-2.  Note  that  this  type  curve  is  applicable 
only  for  constant  velocity  motion  of  the  core.  Changes  in  turns  and  test 
velocity  will  alter  only  the  magnitude  of  Eg^. 
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II.  Determination  of  the  Equivalent  Circuit 


A  setback  generate  was  constructed  with  two  independent  100  turn 


windings  and  tested  as  a  1  to  1  transformer  at  60  Hz  and  400  Hz  using 


conventional  open  circuit  measurement  techniques  supplemented  by  one 


additional  measurement.  Primary  excitation  at  each  frequency  was  set 


>)  that  the  induceu  secondary  voltage  corresponded  with  the  flux  density 


excursion  provided  by  normal  setback  motion  of  the  core  (B  =  ±6140  gauss 

m 


for  the  unit  tested).  The  400  Hz  measurements  produced  approximately 


350  watts  power  dissipacion,  resulting  in  overheating,  excessive  distortion 


of  waveform,  and  lack  of  repeatability  of  data.  Therefore,  calculations 


will  bo  made  using  only  the  60  Hz  data.  The  d-c  resistance  of  each  winding 


was  measured  as  0.43  ohm. 


The  followinc»  measurements  were  recorded  at  60  Hz: 


Ep  =  7.1  volts  =  excitation  voltage,  primary 


Ip  =  7.3  amps  =  primary  current 


P  =  32.5  watts  =  primary  power 


Eg  =  5.0  volts  =  induced  voltage,  secondary 


P  =  9.5  watts  =  core  ; Jss  power  (wattmeter  connected  to  I  and  E  ) 


E^  “  E  =  3.9  volts  =  voltage  drop  across  series  impedance 


The  following  equivalent  circuit  was  assumed  for  the  transformer 


meae  '.reinents: 


p  -  — 

R  =  ^  =  =2.63  ohmi. 

C  P  9.5 

L> 

‘’p  -  ‘'c  “  'p  ^ 


R 


p  ..  p 

P  C 


32.5  -  9.5 
(7.3)^ 


23 


(7.3)' 


=  0.43  ohm 


It  may  be  noted  that  the  above  computed  value  of  R  is  equal  to  the 
measured  d-c  resistance. 


2  2  2 

1=1+  I 
P  C  M 


2  2  2 

1=1-  1 
M  P  C 


l"  =  ^9.68 
M 


T  =7.05  ams 
M 

M 


^  =  1.88  X  10~^  h^ 


M  u  2tt(60) 


.4^  - 


==  (.  ?-  r  — )  -  r"^  =  (^)  -  (0.43)  =  0.29  -  0.18 
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X  =  0.11 


=  0.33  ohms 


,  \  0.33  „  ,„-3  , 

h  ■  -  ■  M60T  "  “  I"- 


Because  of  the  two  independent  windings,  the  parameters  for  the  unit 
tested  were  not  typical  of  those  for  a  convent j-i^r.al  unit.  For  example, 
using  the  same  wire  size,  217  turns  could  normally  be  fitted.  Because  R 
is  essentially  the  d-c  resistance,  its  value  will  increase  in  proportion 
to  the  number  of  turns  until  the  coll  form  is  filled.  All  other  values 
will  increase  in  proportion  to  the  square  of  the  turns.  However,  once  the 
coil  form  has  been  filled,  if  turns  are  changed  by  changing  wire  size 
while  keeping  the  space  filled,  R  will  also  change  by  the  square  of  the 
turns. 

Ratioing  for  a  217  turn  unit  gives: 

R  =  0.43  (2.17)  =  0.93  ohm 
L.  =  0.88  (2.17)^  =  4.14  mhy 

L< 

R  =  2.63  (2.17)^  =  12.38  ohms 

=  1.88  (2.17)^  =  8.85  mhy 
M 

The  equivalent  circuit  for  operation  by  mechanical  setback  differs 
somewhat  from  the  one  analyzed  above.  For  example,  there  is  no  "primary 
side"  series  resistance  voltage  drop,  and  no  "secondary  side"  leakage 
inductance  voltage  drop.  The  rate  of  change  of  total  flux  linkages  Eg 
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supplies  the  rate  of  change  of  magnitlzing  flux  linkages  through  the 
voltage  drop  representing  the  rate  of  change  of  leakage  flux  linkages. 
Drains  on  E^  include  the  .nagnetlzing  current  and  the  core  loss  current. 
The  outpuc  vo..tage  to  a  connected  load  is  supplied  from  E^  through  a 


series  resistance  voltage  drop  E 

R 


The  equivalent  t ' rcult  for  a  217  turn  setback  generator  appears  below. 


iMIMHi 


t>gRlVATIOM  OF  open  dlRCUIT  VOLTAge 


FL>MGTI0  NS 


^3  = 

Jr 


d'h 


^  x. 


L-}^\ 


^.C^X^rs)-r,C0^)]+R^(|+^')lJs)=  E^( 
r/5)  [l^5+-T?^(|^-^')J  ^  (s)4-L^X^(ot) 

Lef  _^(|4-  X 
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A.  For  ■p'lrs'l'  'in4<2r\/^^L 

4 

or  0  <  cot  ^ 

O 


x^Co^)  =  I,,  (o^)  =  0 

E^=  G,a-(^) 


For  H'OO  Hz  ' 


6,  (T-s.  Volfs 


^  a.f=  zC‘fi>Ci)~  Soo  sec. 


T? 


12,.3« 


^  u 

0(  ~ 


^-.i^  y  10 


R-^qo!  1  + 


q. 


?.2T 


oc  =  a.q<?^3(l.q6>8)=‘q3?‘?  see 


cx  -  43S9 
RTCq^o) 


OJ 


=  1,74^3 


C.v-^- 


^X-T^ 


(X' 


iq,2-fc3  X  10^’  5ec'^ 


n,2^3x  /cf’ 
:2.6  ^  VO  I't’s 
1.7^03  c<jt 


X  *“'  i»  •  I  V— '  V 

H(.|  =  Afc,03(€.  4  1,7'/63^t- 

Uf  €ji=  RG.o3(^’e'^‘^+Aajt-l'^ 


■=.  z(o.03  B 


Re^ul+S  •foV' 'Me  •firS'f 'i>t4eri/«|  ere; 


cjd£ 

rad- 

-AiOt 

e 

B 

Be, 

O 

/ 

0 

0 

jp 

/i- 

.fsyx 

.i2i/ 

.cfo^ 

A,3T 

ifi 

IQQI 

,9do^ 

•  3/3-^ 

f 

/  37/^- 

,^^37 

/{p.Xl 

jz: 

5 

J  UtfCs 

.  ??f3 

s.5-,7r 

jr 

/X 

>ion 

/  3f7(S 

3 

jr^ 

2_ 

A.19^/ 

■  eiVjf 

/,gi>7S- 

¥7CS- 

B.  For  in'ferv'a/^  ^ 

^5r  JL.  <  ^■f':<ir 

x. 

"Replace 't  ivhere  ir^-o  ccf'H^ 

be^mn'mj  of  He  Uiers/di .  Then  He  in-fcr\^4( 
becomes  0  ^  or  o  ^  X  . 

--t~  iStti. 

6jt  »  iiiliiL.  »  (ut-i: 

^  X 

^t"=^  Cot^-t  ^ 


A 


N)o+e  ~Hie  Tdr^n  a\?ov&.  \s 

“H\£  he^a't'We.  6-f  'H\'e  e)<-|^rdssioKi  f<?r 

tK 


~  ^7.<95'Lri?l+5 
/  —Ul^lo^Co^^ 

/_i^‘f^)3^(Jt■, 
-  z6.<93  ( ^ 


/^  —A^^z-N  — 

Le-I-  Ecv-  ) +‘i--7.os'€. 


-?.fc.o3(e’^^  Vac(j-6-4.-i'^ 


=  E  +-  E  —  E 

^C^A  ^  <12,B  diXl 


HesvI-h  -for  “Hie  5eoonf(  Irfer/tfi  arc.-. 
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-ofcW  3.CI3  .‘lisi,  io.T‘1  m.os'  Ife.sry 


O  IT*  "IT  CO't 

’R'efla^e  'ir  l>y ‘H't. 
bd^'iMniKi^  a-f-  in4-(£rv^^(*  Tlt«K  flie  in-ferv'^l 
}>ecx)^Mes  o  <'t-^ oo^  or  oc.. 


coir^^  ojir-  co&^^  iO'f-’H' 


=  ^c,  V^)  - 


\z.3«  ^ 


X  6"^  =  X. 

^  6  +  qC 

ii,= 
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t'b 

"Re sU  14-5  4'or  4"l^«.  "Hividt  inferv^^l  o^re.  : 


a;<r 

niJii 

cots 

niA. 

Atut^ 

^Awfc, 

V'oH-s 

rr 

o' 

0 

1 

Ifa.SI 

1*2- 

or 

.Hnz. 

^^v 

IC.t? 

IT 

Ifi 

.qii4 

A003 

fc.W 

JC 

tf.ZZ? 

iflf 

> 

jr 

3 

l-mi 

.  lbo{> 

X.tL 

vm 

12- 

tpfT 

1^ 

./0I7 

X.lH'il 

i.ei 

Calcu/al-e^  airdi/ii'  \/oH725c  fov- 

'f'/^e  iKifemU  IS  }>{oM’eA  m  Figure.  A-i. 

Suf eri Oh44il5  ‘pl(?4'  \%  ynea^ureA 
o^r\.  airfl.v;i+'  ot+ei'm-e^  b^  sadimj  frowi 

an  of>e^n  cfmi/ff  t/^f+aje.  lloscope-  pho'fegrafl^ 
H^urd  .  W4tL  W46  -from  'Hvd*t“  'h^ce 

^  o»3l  YMsed  -^er  kW\^\ov\  “hhie  bdsd. 


ou-(~;p(;f  d'ircui4-  d^KSis-fs 
CL  C(X^a(i\'^cr  G^iArgecj  't'^npug^v  ^  dio^e., 

C vcl-ho-qc  15 

dthiev^-d  He  Uad  curreKif 

goG.^  z.6rd5  He 

blodk.  Far  6impl'^fi(La.~h(cv\^el'eaiiri(ja,l 
C^<3Lra<i'f'dr( sfi(? ^  He  >>01)1  Le 

yie<jkcHd  idt/rin^  He  ^ytalysjs^  Huyever^ 
A-  ^didide  \/cl'hi(j€  Jvi^p  c?f  on  vc^l'b^ 
u;Hl  be  5uJ?f'mHed  He  c^tUufah^ 

fin^l  e^p^e\Hr  vcliif^c. 


Ba-  Lu4^  +'^r,  +  drCT.dir 
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Af'  ^Yr\  t3 


z,  =  4-x^+^rx,^-t 

i-  1^-c  j 


+_L_  X 

■^FF  ^  (Mr  ^c. 
i-k('^K+  k# + * 


Ui-  K„.l?'^i+ 

i-^ri+pr) 


X  i  J-(  i-t-iit-N 
c„  c  V '  l™  ; 


"IT 


r.  + 1,  (Vi/sj-x/oj 


L^T  {nif-ial  lipaJ  curnein/" 


"TT  inif  i'(3i(  cflpac»4i?r  v^(4cg 


0'i)S+-'fi(5+-^)3:^(^)=  ^Cs')+u^T^^-j- 

^(^'■■"Tt  EjW+l„X„-  I  % 

^%S'+  5X..  - 


dA  ui^i^erJamp'eJ  iircui'r 
('\A  k.ecpm_g  iwi-fK  +he  dt6]re.  fo  maX{ni\ze. 
"Hie  OapAci^Tor  Therei-tfre-j 


U4-  <5%  2°.  S4-  -1^  =  (s+^')’+ 

^  A-  -  JaMp)n^  ftidhr 
he 

t  -  I  -  VY\d<imf€.ti  YtAhj'cal  ire<^vew'j 

“  \Jl.<,to' 


-(AF-  Yis.^ay^an'^  fr^^\/€wcL^ 


T  ^  -  -f  — 


•v  .X- 


CVeo 
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_ L 

^0^  '^^2  CL^Cs-f-i)  +  b’’^ 


V 


CO 


L^O^  s[(s-Hx')'"-f  b"] 


V. 


CO 

S 


0*^) 


Le'l~  b«  re}>re^(SY\'h€cl  by 


r’(s)= 

D 


ST, 


ev, 


LO 


L {>  Cfl 


(^)  * 

D 


-h 


V. 


Co 


L„Co  ^ _ 

5D  ^ 


A 


Pbr  firs 4"  'm^heri/dlj  o^t”^ 
^  r  O  ^  0^  'l5r  ^ 

'3-' 

Ep  e^,= 


(5)  ^  (i>)  = 
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1.  ^»"*m^^w*'*v»R> 


:  r 

,  f 


x^,  (5)  = 

**  S  D 

E  (s) « 

z  -  c  ir(— V-^'l  f-L  - 

-  Si^Vir^Uj  }_  kfc„  j 

lOli'^re  (^irr^Tivr' 

p  _  (,  u^^mY-L.)Cj.  /t-- 

Jj'y  bt.;- 

luii'^v'e  1^^?=.  si^TAfT*-^ 

For-  ^\l  +urMS  anJ^  lieo  ^ 

uji-fli  6—  (oOO  ; 


K  VR.c 


L  ^i^S"  OA'i  \  i^.-isxtaoxio 


f)] 


=  l.'Ja.  £il)m5 
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'b-  S-3‘T=  S'OSjXTS  Se<L^ 


b  =.  \1  s-0 'b_,r7  ^  =■  7  0'^,‘/z  sei" 
b  =\j5-H‘»^«|z  =  l‘fl,'4f  Sec 


10 


rb 


I 


bho  i),  70442- (.(7.7‘^l‘ff) 


~i 


„  -fc  1 
;=  |. 40X10  3ec 


b  ^  —  b  ' — lo  — 

37.C.2  XIO  \  I.S2.XI0 -l,40X)0  e  Sin 


^  ^  air, 7.3.  _  o.oSs-iH 

s,Tr(*f*ob 


Ja_  =.  ~704,W2._  =;  0.  ■22-7 

^  a.Tr(4do) 


^  Tan''  JJ3^  = 


Zl?-,7»i 


t/'i  =.  7  3.<54“«- /-jaB-r  nn^j<. 

)4-~l~  of  ■piiTB'f  'in~feryg|  .X,  ,cX,,  (^) 


0.ZJ2X7  ('^3^  0,44  34  r«<4.’ 
oo 
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0,qH3H+  l.'2.ie-S-  =  l.l/'ZI  nd 

=  Sin  ~  0 

o'.  (^).=.  rvd 

e.  -  e  i  o,?73<f 

1,10  (o.^m<i)Co.Wo)7 

=  37.6?  Cl.  9  2-1. 6^/)=  37, 6  ?  (a,  I gj 


Xy  (■^)  =•  4,7?  4wpi, 


-  2-C2l5’.73)(l,S2XlC*)i7Sr,3X;o‘’  see. 

I  _  i.izxiQ  _  ;j,rtfc  '*  sec* 

Jsbtf  70l.<f2 

Ej,.  i  6z,9  Xlo’[j'12X/0*"(t-7g?,3X/o"^J 

+  2,S%6X/0  G-  h 
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•f"  5  64?  C 


A4^  evit:^  gf  inh^rvalj  (■^, 


0.i}'Lt/.IO  ^  5e<l. 


^  1^6. le 


=:^  -  T*  _  _  _ . 

alavT'-k  ^  2.(73.51'’) 
=  a.S-S-/i  rw^/ 


( C(jt) i  o,H‘i^tf+  ;i,s-s-|l=  x,'?‘?‘/r  rac/, 

kj  ' 

=  I7I.S'<?° 

Sin r-^(k;0-^' Sin  ni.S-f'”  =  o,l‘//3> 

E"^  62..?  |^lg7.o  ((3.62.r- 0.7fr3)io^ 

^-  3.  rt  (o.  S7^‘t(o-Mi>‘^J 
=  6z.?  ri.S2.(^o./fco3')4-  0,32.2/2 
=  6X.2  (o.32.?/-5,Z<?(7)=.  6J,?(5.'’54¥3 


■  ‘■n4ii.^»tf> 


B,  se(ioYi(^  interval .  . 

“2-  ' 

or  JL  coir  IT. 

S- 

Re^lace  +  ty  'f^..  «s  1«  sta'^ion  nnr^  u.'liere 
tr^=.t'-  j  ar  coir^-  U)-t~^ 


X^_^^X^^Co+)^Z;/(o-6-=:ff;}=  6,19: 

'4o  - 

£  _  £  _  O.U-  Q,U-/iyiH\  =  E.7 

Luiene  reppgsen4s  £^,  as  a 

-f~i;nc4i  5K1  o-f 

Es.W=5^'(+)-E„(C 


I /s)-  Xji)-  5i±l%(si +. iSi - 


e  vj 


L<  Co 


D 


0^ 

i"  —  J^SZ 

T> 


100 


4- 


X ,  (?') 


uu 


sx, 


LO 


D 


_  5  L-tS'^*/^'>2 


X 


LV 


4-r 


LO  b 


e  ^5  in  ‘^Ll^t. 


waters  Xj.,}  t'efre&s'i+s  45  fv^efr 

o<^ 


I  cv 


S'Sri  (^Ynfsf^ed, 

a\/f>6  _  fcooxio  _ =  7S-r  avMps/ieo 

■0  ^ 


~  _ _ 
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w  .r 

✓ 
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S'.Ti-isrr 
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APPENDIX  B 


ARTILLERY  SHELL  SETBACK  VELOCITY  PROFILE 

I.  Calculation  of  Projectile  Acceleration 

Time  for  breakaway  of  tne  core  from  its  housing  depends  on  the 
acceleration  characteristics  for  the  projectile  and  the  g  level  defined 
by  the  safing  device,  and  Js  part  of  the  determination  of  the  total  time 
required  to  charge  the  capacitor  bank.  Another  portion  is  the  transit 
time,  or  the  time  to  complete  relatlvi:  motion  between  the  core  and  the 
housing.  A  third  is  the  settling  time,  which  is  a  characteristic  of  the 
charging  circuit  alone.  The  sum  of  these  three  is  the  rise  time,  which 
is  required  to  be  less  than  5  milliseconds  over  a  range  of  setback  forces 
from  3,000  g*s  to  30,000  g*s.  Because  breakaway  time  and  transit  time 
are  highly  dependent  on  the  acceleration  profile  for  the  projectile,  it 
was  necessary  to  obtain  such  information  for  projectiles  representative 
of  the  acceleration  extremes.  Information  on  projectile  kinetics  was 
furnished  for  105-mm  (high  acceleration)  and  106-mm  (low  acceleration) 
projectiles,  and  is  included  as  Figures  B-1  and  B-2.  The  acceleration 
profile  for  these  projectiles  (within  the  time  range  of  interest)  v/as 
obtained  by  fitting  the  velocity  curves  with  a  quadratic  function  of  time 
using  the  velocity  data  at  1  msec  and  3  msec. 

A.  105-mm  Projectile; 

2 

Let  V  =  Cj^t  +  C2t  ft/sec. 

Where  t  is  in  msec 


109 


From  the  curve: 


V  =  150  ft/sec  at  t  =  1  msec 

V  =  1050  ft/sec  at  t  =  3  msec 

150  =  +  C, 

1050  =  +  9C^ 

450  =  3C^  +  3C2 
600  =  6C2 
C2  =  100 

150  =  +  100 

=  50 

2 

V  =  50t  H-  loot  ft/sec 

a  =  4^  =  50  +  200t  ft/sec/msec 
dt 

106-imn  Projectile; 

V  =  Cit  +  C2t^ 

From  the  curve: 

V  =  65  ft/sec  at  t  =  1  msec 

V  =  330  ft/sec  at  t  =  3  msec 

65  »  +  C2 

330  “  +  9C2 

195  =  3Cj^  +  3C2 
135  -  6C2 
C2  *  22.5 
65  »  +  22.5 

-  42.5 

2 

V  «  42. 5t  +  22. 5t  ft/sec 


42.5  +  45t  ft/sec/msec 


PRESSURE,  PSI  X  1000 


PRESSURE 


£  X 


e:  -I 

o  UJ 

o  ^ 

-I  < 


7  14 


DATA  SOURCE: 


6  12  7.5- 


5  10 


4  8  5 


i/ 


3  6 


2  4  2.5 


I  2 


TIME.  MS 


Figure  B-2.  Cannon:  106-MM,  M40A1  Projectile:  XM595 


II.  Calculation  of  Breakaway  Time 

To  illustrate  the  influence  of  the  safing  device  threshold,  times 

will  be  determined  for  both  1000  g  and  3000  g  settings. 

A.  105-mm  Projectile: 

Let  t^j^  =  breakaway  time  at  1000  g’s 

and  t^2  ~  breakaway  time  at  3000  g's 

Vfhere  t.  is  in  msec 
b 

1000  g’s  =  1000  (32.17) (10“^) 

=  32.17  ft/sec/msec 

3000  g’s  =  3  (32.17)  =  96.51  £t/sec/msec 

32.17  =  50  +  200  t,., 
bJ- 

t,,  is  negative,  indicating  instant  breakaway  (t,  ,  =  0) 
bi  bl _ 

96.51  =  50  4-  200  t,., 


‘'bs  =  "W  “ 


106-mm  Projectile: 


32.17  =  42.5  +  45t, 


tj^j^  is  again  negative,  indicating  instant  breakaway  (t^^^  = 
96.51  -  42.5  +  45t,  . 


54.01  , 

t,  o  =  — TT—  =  1.200  msec 
b3  45  - 
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III.  Calculation  of  Transit  Time 

As  with  breakaway  time,  transit  time  will  be  calculated  for  both 

1000  g  and  3000  g  safing  device  thresholds. 

A.  105-inm  Projectile; 

Let  t^j^  =  transit  time,  1000  g  breakaway 

and  t^2  “  transit  time,  3000  g  breakaway 

where  t^  is  in  msec 

t  =  t,  +  t  ,  t,  is  a  constant 
b  t  b 

a  =  50  +  200  (t^  +  t  )  ft/sec/msec 
D  t 

=  (50  +  200  t,  )  +  200  t^ 

D  C 

2 

V  =  (50  +  200  t,  )  t^  +  100  t^ 

b  t  t 

S  =  (25  +  100  t  )  t^  +  t^,  where  units  are  (ft/sec)  (msec) , 

b  t  3  t 

or  millifeet 


S  =  transit  distance  =  0.2  in. 
t 


St  =  ^  X  10“^  ft  =  -^  millifeet 


5|=  (25  +  100  t^) 


50  =  (75  +  300  O  tl  +  100  tl 

0  c  c 


2tJ  +  (1.5  +  6tj^)  t^ 


t^j^  =  0.607  msec 


2t^  +  [1.5  +  6(0.233)1  t^3  =  1 


®  0.506  msec 


B.  106-mm  Projectile. 


a  -  42.5  +  45  (t,  +  t  )  ft/sec/msec 
b  t 

=  (42.5  +  45  t^)  +  45  t 
b  t 


V  =  (42.5  +  45  t,  )  +  22.5  t 

b  t  t 


S  =  (21.25  +  22.5  t,  )  +  7.5  millifeet 

b  t  t 


^  millifeet 


5n  9 

^  =  (21.25  +  22.5  t.  )  tf  +  7.5  t^^ 
j  b  t  t 


50  =  (63.75  +  67.5  t^)  t?  +  22.5  t^ 

b  t  t 


0.45  +  (1.275  +  1.35  t^)  tf  =  1 

L  D  t 


0.45  4  4-  1.273  .  1 


t^j^  =  0.784  msec 


0.45  t^3  +  [1.275  +  1.35  (1.200)]  t^^ 


0.45  t^3  +  2.895  t^^  +  ^ 


“  0.564  msec 


=  1 
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IV.  Calculation  of  Rise  Time 


Rise  time  will  be  calculated  using  a  settling  time  of  1.174  msec, 
corresponding  to  the  calculated  settling  time  for  a  217  turn  unit  when 
charging  a  600  mfd  capacitor.  Units  having  fewer  turns  are  faster  in 
response  and  therefore  have  a  shorter  settling  time. 


105-mm  Projectile: 


Let  t^j^  =  rise  time,  1000  g  breakaway 
and  t^2  “  ^^se  time,  3000  g  breakaway 
Let  t^  =  settling  time 

"  'b  ‘^t 

t  .  =  0  +  0.607  +  1.174  =  1.781  msec 
rl  - 

t  .  =  0.233  +  0.506  +  1.174  =  1.913  msec 
r3  - - 


B.  106-mm  Projectile; 

t  ,  =  0  +  0.784  +  i.l74  =  1.958  msec 
rl  - 

t  -  =  1.200  +  0.564  +  1.174  =  2.938  msec 
r3  - - 


All  of  the  above  values  are  within  the  5  msec  rise  time  allowed. 
Because  of  the  1000  g  shear  pins  used  for  the  delivered  units,  rise  times 
are  predicted  to  be  2  msec  or  less 


V  '’■nVryr.itia 


V.  Setback  Velocity  Profile 

The  transit  time  equations  may  be  used  for  determining  setback 
velocity  a.;  a  function  of  time.  With  1000  g  safing,  breakaway  time  is 
zero,  resulting  in  an  identity  between  the  transit  time  equations  and 
the  equations  for  projectile  motion. 

Because  of  the  very  short  duration  of  transit,  the  effect  of  cur¬ 
vature  of  the  velocity  profile  becomes  insignificant.  Therefore,  a 
constant  acceleration  may  be  used  in  order  to  simplify  the  velocity 
expression,  and  thereby  simplify  the  expression  for  generated  voltage. 
This  amounts  to  approximating  the  applicable  portion  of  the  velocity 
curve  by  a  linear  segment.  The  velocity  change  during  setback,  assuming 
1000  g  breakaway,  will  be: 


105-mm  Projectile: 


V  =  50  t^,  +  100  t‘ 
tl  tl 


=  50  (0.607)  +  100  (0.607) 

=  30.35  +  36.84  =  67.19  ft/sec 


106-mra  Projectile: 


V  =  42.5  t.,  +  22.5  t.. 

tl  tl 


=  42.5  (0.784)  +  22.5  (0.784)^ 
=  J3.32  +  13.83  =  47.15  ft/sec 


1 

* 
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APPENDIX  C 

ENGINEERING  DRAWINGS 
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